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The occurrence of monogamy in mammals represents an evolutionary puzzle. Because of 
reduced parental investment, males are expected to increase their reproductive success by 
mating with multiple females rather than being committed to one mate. Still, some mammals 
are socially monogamous, or pair living, and several species are even genetically 
monogamous. In some pair-living species, “monogamy package” further includes biparental 
care and pair bonding. To understand why monogamy occurs, it is necessary to examine the 
relationships between different elements of this package and the factors that influence them. 
Neotropical titi monkeys of genera Callicebus, Plecturocebus, and Cheracebus are not only 
socially monogamous, but also have a remarkably high level of male care, where infants are 
carried almost exclusively by males, and form strong pair bonds, a rare combination among 
mammals. The aim of this study was to investigate whether this combination is translated 
into genetic monogamy and which mechanisms help to maintain this social system.  
To achieve this, I examined mating system and its genetic and behavioral correlates in a wild 
population of coppery titis, Plecturocebus cupreus, at the Estación Biológica Quebrada Blanco 
in Peruvian Amazon. I collected fecal samples for genetic analyses from 41 individuals of 14 
family groups, including 18 offspring of nine family groups (up to five offspring generations 
per group). Seven of these groups were also subject to behavioral observations, during which 
I collected data on social interactions, activity budgets and territorial behaviors of adult males 
and females (total sampling time 2749 h, focal observation time 384 h, 14 months in total). 
I showed that coppery titis were mostly genetically monogamous, as paternity analyses based 
on 18 microsatellite loci found no cases of extra-pair paternity. As the costs of pairing with 
closely related or incompatible mate can be high in monogamous species, I further examined 
if mate choice was based on relatedness or heterozygosity. Mating was random with regard 
to relatedness and heterozygosity. Relatedness between mates in ten observed pairs did not 
differ from the average relatedness in randomly generated pairs, and heterozygosity of mates 
was not correlated. Despite the absence of evidence for active inbreeding avoidance via mate 
choice, pair mates were on average not related (mean r = -0.033). To see if this low 
relatedness could be explained by natal dispersal, I conducted spatial genetic analysis. No 
spatial genetic structure was found in either sex, indicating that dispersal was opportunistic, 
with both sexes migrating over varying distances. These findings suggest that even 
opportunistic dispersal, as long as it is unconstrained, can generate sufficient genetic diversity 
in the population to prevent inbreeding. As pair-living species are known to sometimes 
engage in extra-pair copulations to minimize inbreeding, the sufficient genetic diversity can 




At our study site, unconstrained dispersal was likely facilitated by the relatively low 
population density in undisturbed habitat. 
To investigate behavioral mechanisms of monogamy maintenance, I examined female and 
male contributions to the pair bond, territorial defense, and infant care. Females were found 
to contribute more than males to the maintenance of proximity and affiliation within pairs.  
They groomed males more than vice versa and made most of the approaches and leaves 
within pairs. Males, on the other hand, contributed more than females to the territorial 
defense, participating in the intergroup encounters more often and more actively. These 
findings are consistent with the concept of a pair bond as an exchange of services, where 
females contribute to proximity and affiliation maintenance in exchange for services provided 
by males. These services, in addition to the territorial defense, include intensive infant care 
and protection from predators. The analysis of activity budgets and diet composition in caring 
adults indicated that after infant birth, females foraged more and consumed more protein-
rich food (arthropods) than before. This would probably not be possible if the females had to 
carry the infants themselves, because arthropod foraging is not well compatible with infant 
carrying. And indeed, males foraged less and consumed less arthropods when they were 
carrying infants. In line with these findings, grooming between pair mates was more heavily 
skewed toward female investment during the period of infant dependency, when male 
services are most needed. Finally, males provided protection from predators, as their anti-
predator behavior was more active than that of females. Altogether, these findings indicate 
that while females maintain the pair bond, males provide services important to females, 
namely infant care, protection from predators and territorial defense.  
In conclusion, this study indicates that three factors are important for maintaining social and 
genetic monogamy in coppery titis: pair bond, male care and possibilities for unconstrained 
dispersal. Strong pair bond, supported by contributions of both pair mates, likely limits the 
opportunities for extra-pair copulations and thus maintains genetic monogamy. Hight level of 
male care helps to reinforce social and genetic monogamy by freeing the female from the costs 
of infant carrying. This allows the females to forage more to compensate for the energetic 
costs of lactation, presumably contributing to their increased fecundity, and also makes the 
males more attractive to the females. Finally, unconstrained dispersal likely helps to maintain 
both social and genetic monogamy by preventing deviations from pair-living and keeping the 
inbreeding at a low level. In sum, these findings demonstrate that not only the components of 
social system (pair bond and male care) but also habitat characteristics (possibility for 
unconstrained dispersal) can play important roles in maintaining pair living and promoting 
genetic monogamy in pair-living species.
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CHAPTER 1: GENERAL INTRODUCTION 
1.1. What is “monogamy”: a word on the terminology 
“Monogamy” has long been of interest for biologists and anthropologists, and there is a 
considerable amount of research on it. However, what exactly is meant by “monogamy” in the 
literature is not always clear. Over the years, this term has been used by different authors to 
refer to pair living, pair bonding, sexual monogamy, genetic monogamy and even biparental 
care (Huck et al., 2020; Kleiman, 1977; Tecot et al., 2016). Historically, these were often 
considered as integral parts of one “monogamy package” (Fuentes 2000). Sexual monogamy, 
for example, was usually assumed to be an outcome or an obligate correlate of social 
monogamy. But as molecular tools became more accessible, it became clear that “monogamy” 
has several components that are not necessarily associated with each other. For example, 
over 90% of birds were originally considered as “monogamous” (Lack 1968). However, since 
the first application of DNA fingerprinting in 1987 that demonstrated extra-pair paternity 
(EPP) in the house sparrow, Passer domesticus (Burke & Bruford 1987), EPP has been 
detected in 76% of pair-living bird species with biparental care (Brouwer and Griffith, 2019). 
Even the white stork, Ciconia ciconia, traditionally considered a symbol of monogamy, was 
found not to be genetically monogamous (Turjeman et al. 2016). 
Today, many combinations of “monogamy” components are known, and it has been shown 
that even sexual and genetic monogamy are not always associated with each other. Some 
animals, such as Azara’s owl monkeys, Aotus azarae, exhibit the whole “monogamy package”, 
including pair living, pair bonding, genetic monogamy and biparental care (Huck et al. 2014). 
Other species may lack one or more components. For example, Kirk’s dik-diks, Madoqua kirkii, 
are pair living, pair bonded and genetically monogamous but do not have biparental care 
(Brotherton et al. 1997). Eurasian beavers, Castor fiber, live in pairs and have biparental care 
but the pairs are not cohesive and do not mate monogamously (Nimje et al. 2019; McClanahan 
et al. 2020). Fork-marked lemurs, Phaner furcifer, are pair living but do not exhibit any other 
“monogamy” traits (Schülke & Kappeler 2003). Finally, Western jackdaws, Corvus monedula, 
are pair living and genetically monogamous, but the application of modern surveillance 
technology has demonstrated that they often engage in extra-pair copulations (Gill et al. 
2019). 
In a recent review on pair-living and sexual monogamy, Huck et al. (2020) argued that 
inconsistent use of monogamy-related terms has often led researchers to “compare apples 
with oranges”. They proposed a new terminology clearly defining separate aspects of 
monogamy, based on the framework proposed by Kappeler and van Schaik (2002) for 
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describing social systems and later corroborated by Kappeler (2019). In this thesis, I will 
follow this terminology, defined in Box 1. 
Box 1. Terminology used in this study 
Pair-living (who lives with whom): a type of social organization where one adult 
male and one adult female share a home range, possibly with their non-reproducing 
offspring. This is often referred to as “social monogamy”. 
Pair-bonded (who is affiliated with whom): a type of social structure where a 
female-male pair have an affiliative relationship to the exclusion of other adults, as 
evidenced by behavioral, emotional, and/ endocrinological characteristics. 
Sexual monogamy (who mates with whom): a type of social mating system where 
one adult male and one adult female have an exclusive mating relationship during at 
least one reproductive season. 
Genetic monogamy (who produces offspring with whom): a type of genetic mating 
system where one adult male and one adult female produce offspring exclusively 
with each other over a set of multiple births (at least one reproductive season for 
species that produce more than one infant per litter and over more than one 
consecutive reproductive seasons for species with singleton births) 
Biparental care (who provides parental care): a type of care system where a 
mother and putative father regularly provide offspring care. 
 
1.2. Why does “monogamy” occur: an overview of hypotheses and comparative 
studies 
The occurrence of pair living, or social monogamy, in animals represents an evolutionary 
puzzle. As a result of reduced investment in gametes and parental care, males have higher 
potential reproductive success than females (Trivers 1972; Bateman 1948; Clutton-Brock & 
Parker 1992). It is therefore unclear why a male should be committed to only one female if he 
could instead increase his reproductive success by mating with multiple females. This 
paradox is especially pronounced in mammals as they have internal fertilization, gestation, 
and lactation (Trivers 1972). And indeed, social monogamy is rare in mammals, in contrast to 
birds where it is more prevalent (Griffith et al. 2002; Lack 1968).1 
 
1 Estimations of the number of pair-living mammals vary depending on the classification method used: 3% 
(Kleiman, 1977), 9% (Lukas and Clutton-Brock, 2013). 
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Early hypotheses aimed to explain the evolution of monogamy largely distinguished between 
two types of it, obligate and facultative (Kleiman 1977). Obligate monogamy was considered 
to evolve in response to a need for male care (Wittenberger & Tilson 1980; Clutton-Brock 
1989). And facultative monogamy was thought to evolve when female distribution in space 
does not allow male to monopolize more than one female at a time (Emlen & Oring 1977). 
However, this obligate-facultative dichotomy was eventually abandoned, because 
comparative analyses showed that paternal care does not always correlate with the 
occurrence of obligate monogamy in primates (Wright 1990; Komers & Brotherton 1997; 
Tardif 1994). Also, it became clear that in some species without biparental care, for example, 
in Kirk’s dik-diks, monogamy is not exactly facultative because males do not attempt to 
monopolize more than one female, even when they are available (Brotherton et al. 1997; 
Komers & Brotherton 1997). 
The more recent hypotheses try to distinguish between the different components of 
“monogamy” (reviewed in, e.g., Fernandez-Duque and Fiore, 2020; Huck et al., 2020; Klug, 
2018; and Tecot et al., 2016). According to the “infant care” hypothesis, pair living and pair 
bonding may evolve when the mother needs help from others to successfully raise the 
offspring; consequently, a male benefits from staying with one female and helping her with 
the offspring (Wittenberger & Tilson 1980; Kleiman 1977). The “infanticide prevention” 
hypothesis, proposed originally for primates, states that pair living and its behavioral 
correlates evolve when a male helps a female to protect offspring from infanticidal males (van 
Schaik & Dunbar 1990; van Schaik & Kappeler 2003). The “female dispersion” 
hypothesis posits that that female over-dispersion in space, caused by resource distribution, 
does not allow males to monopolize access to more than one female, leading to social and/or 
sexual monogamy (Emlen & Oring 1977). Similar to it is the “mate guarding” hypothesis that 
states that states that it is more beneficial for males to guard one female than to seek 
additional females; unlike the “female dispersion” hypothesis, it predicts that males will not 
attempt to mate with more females even if they can (Emlen & Oring 1977; Brotherton & 
Komers 2003). Finally, according to the “resource defense” hypothesis, pair living may be the 
most stable strategy for joint resource defense, while a more general case of this idea, the 
“optimal group size” hypothesis, states that the trade-offs between food competition and 
protection from predators may lead to an optimal group size of only two breeding adults 
(Terborgh & Janson 1986).  
Over the past decades, these hypothesis were tested in a number of comparative analyses, 
many of them conducted on primates because pair living is widespread in them in comparison 
to other mammals (about one-fifth of species: Kappeler and Pozzi, 2019). Female space use 
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was indicated as the most likely ultimate driver of social and sexual monogamy in several 
studies. An early phylogenetic analysis on mammals suggested that sexual monogamy likely 
evolved when females were solitary and occupied small, exclusive ranges, enabling males to 
guard and monopolize them (Komers & Brotherton 1997). These conclusion were later 
supported by a large-scale comparative phylogenetic study based on a dataset of ca. 2500 
mammalian species; it indicated that sexual monogamy likely evolved where breeding 
females are intolerant of each other and their density was low, and males were therefore 
unable to defend access to multiple females (Lukas & Clutton-Brock 2013)2. A recent 
comparative phylogenetic study on primates also supported the role of female space use in 
the evolution of pair living, indicating that it has most often evolved from solitary ancestors 
and served as a stepping stone toward the evolution of group living (Kappeler & Pozzi 2019). 
Support for this “increasing complexity” model of social evolution has been found also in 
Artiodactyla, birds and insects (Jaeggi et al. 2020; Cornwallis et al. 2010; Hughes et al. 2008). 
Male care has been shown to commonly co-occur with social and sexual monogamy and to 
evolve more easily in pair-living lineages (Lukas & Clutton-Brock 2013; Opie et al. 2013). 
However, comparative analyses in mammals indicate that it was most likely a consequence 
rather than a cause of social and/or sexual monogamy, facilitated by the proximity between 
a male and offspring (Lukas & Clutton-Brock 2013; Komers & Brotherton 1997; Opie et al. 
2013). Nevertheless, it appears to be an important proximate mechanism of the maintenance 
of social and sexual monogamy. By relieving a female from some of the energetic costs of 
offspring care, male contribution to care may allow a female to regain body condition quickly 
after weaning and mate sooner, invest more time in foraging and/or produce more or better 
quality milk, all of this contributing to offspring well-being and increased reproductive 
success of both sexes (Woodroffe & Vincent 1994). A recent comparative phylogenetic 
analysis on mammals has demonstrated that male care indeed benefits both sexes through 
increased female fecundity, mediated by a reduction in lactation time (West & Capellini 2016). 
Higher female fecundity, in turn, makes up for the energetic and opportunity costs of caring 
for the males, reducing the costs of social and sexual monogamy. As a result, a positive 
evolutionary feedback between the increased female fecundity and male care may appear, 
reinforcing the maintenance of monogamy (West & Capellini 2016). 
The role of infanticide risk in the evolution of social monogamy has not received much support 
in comparative analyses. So far, only one study, conducted on primates, indicated that social 
 
2 In their paper, Lukas and Clutton-Brock (2013) discuss “social monogamy”. However, as Huck et al. (2020) 
have shown in their detailed review, Lukas and Clutton-Brock (2013) actually used the breeding status of 
female in their classification of mammalian species, and what they called “social monogamy” appeared to be 
sexual monogamy. 
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monogamy is best explained by infanticide risk (Opie et al. 2013). However, recent studies 
suggest that reduction of infanticide risk was a consequence rather than a driver of 
evolutionary transitions to pair living  (Lukas & Huchard 2014; Kappeler 2014; Kappeler & 
Pozzi 2019). 
Finally, comparative studies on primates have demonstrated that phylogenetic history is an 
important factor explaining the occurrence of social and sexual monogamy (Shultz et al. 2011; 
Kappeler & Pozzi 2019; Lukas & Clutton-Brock 2013). The social organization, social 
structure and mating systems of Old World monkeys, as well as social organization of Eulemur 
species (a diverse radiation of lemurs), are highly uniform, despite the great ecological 
variability in these lineages (Di Fiore & Rendall 1994; Ossi & Kamilar 2006). Social structure 
was also better explained by phylogeny than by environment in macaques (Thierry et al. 
2000). Overall, social system components were shown to be relatively conserved at lower 
taxonomic levels, with the closely related species generally having the same social or mating 
system (Shultz et al. 2011; Kappeler & Pozzi 2019). 
 
1.3. Genetic monogamy: ultimate drivers and proximate mechanisms 
Since social organization of animals is often a poor indicator of their mating system, it is 
important to study the genetic consequences of mating and the relationships between social 
and mating systems to better understand their evolution (Huck et al. 2014). Because sexual 
selection in both males and females is influenced by the number of mating partners and the 
reproductive success, the important role in the evolution of mating systems is played by EPP 
(Petrie & Kempenaers 1998; Clutton-Brock 2007). The levels of EPP vary greatly between 
different species, and even within species, mating systems have often been found to be 
dynamic, with individuals adopting different mating strategies under different ecological 
conditions (e.g., Brouwer and Griffith, 2019; Kitchen et al., 2006; Wright et al., 2010). 
Examining why some individuals, populations or species have higher EPP rates than others is 
therefore crucial for our understanding of the evolution of mating systems. 
Many comparative studies on the EPP variation have been conducted on birds because pair 
living is common among them, and most of the species have at least some level of EPP 
(Brouwer & Griffith 2019; Griffith et al. 2002). However, despite the extensive amount of data 
collected over the years, it still remains largely unclear why some pair-living bird species have 
higher EPP rates than others. A recent review of all paternity studies in birds conducted in 
the last 30 years concluded that there is no universal explanation for EPP variation. Rather, 
different behaviors and ecological variables were shown to affect EPP in different species or 
populations of the same species (Brouwer & Griffith 2019). In mammals, the data are much 
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scarcer than in birds, as the number of pair-living species is overall lower, and for many of 
them, genetic paternity data are still not available. In the only comparative phylogenetic study 
on pair-living mammals conducted to date,3 EPP rates across 15 species were associated with 
the intensity of male care and, weakly, with the strength of pair bond (Huck et al. 2014). 
As in the case of social and sexual monogamy, the variation in EPP rates have a very strong 
phylogenetic signal. In birds, 39–50% of the interspecific variation in EPP levels occurs 
between families and orders, rather than among closely related species (Griffith et al. 2002; 
Brouwer & Griffith 2019). This suggests that many interspecific differences of the EPP rates 
are more likely to be explained by evolutionary history than by contemporary factors. In line 
with this, an hierarchical explanation for variation in EPP has been proposed, with EPP rates 
at different organizational levels determined by different ecological, genetic and social 
correlates (Griffith et al. 2002; Arnold & Owens 2002). The convenience of the hierarchical 
explanation is illustrated, for example, by a study of species of the Maluridae family (fairy-
wrens and relatives), where different factors explained variation in EPP rates at different 
levels of organization (Brouwer et al. 2017). 
When trying to understand the reasons for the variation in EPP rates at the lower levels of 
populations and individuals, an interesting question is which behaviors or local ecological and 
demographic factors affect the probability of extra-pair copulations (EPC).4 One of the 
behaviors shown to affect the probability of EPC and, consequently, EPP is mate guarding. 
Mate guarding is often indirectly assessed by the strength of the pair bond, where mates with 
close bonds are guarded more closely and thus have less opportunities for EPC. The strength 
of pair bond, measured as the spatial cohesiveness of pair mates and used as a proxy for mate 
guarding, was associated with EPP levels at the population level in the meta-analysis in birds 
(Harts et al. 2016). Even at the interspecific level, mammal species with stronger bonds were 
shown to have lower EPP rates (Huck et al. 2014). In addition to pair bond strength, mate 
guarding can be affected by other factors, such as male age or habitat structure (Nimje et al. 
2019; Ramos et al. 2014). 
The probability of EPC is also affected by the availability of potential mates, which, in turn, 
can be influenced by population density and breeding synchrony (Westneat 1990). Higher 
 
3 Studies of Cohas and Allainé (2009) and Lambert et al. (2018) are not discussed, as they included group-living 
mammals with a dominant breeding pair and cooperative breeders in the category of socially monogamous 
mammals. 
4 It is important to note that EPC do not necessarily translate to EPP, as copulations might not end in 
fertilizations as a result of postcopulatory selection mechanisms such as sperm competition or cryptic female 
choice (Griffith 2007; Griffith et al. 2002). For example, in Western jackdaws, Corvus monedula, despite 
frequent EPC, no evidence for EPP was found, likely because of the frequent intrapair copulations and mate 
guarding (Gill et al. 2019). By contrast, in superb fairywren, Malurus cyaneus, 76% of young are sired by extra-
pair males, and yet EPC has never been directly observed in >10 years of research (Double & Cockburn 2000). 
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population density is expected to make encounters between individuals more likely, and 
positive relationship between EPP rates and population density was demonstrated in several 
comparative studies on birds, both within and across populations (e.g., Brouwer et al., 2017; 
Westneat and Sherman, 1997). Breeding synchrony was suggested to affect EPP rates in two 
different directions. On one hand, EPP rates can be lower in animals with high breeding 
synchrony as a result of a trade‐off between searching for EPC and parental care (Birkhead & 
Biggins 1987). On the other hand, synchronous breeding can allow female to simultaneously 
compare different males, thus increasing EPP rates (Stutchbury & Morton 1995). The 
evidence for the link between EPP and breeding synchrony remains mixed (Brouwer & 
Griffith 2019; Isvaran & Clutton-Brock 2007). 
Finally, a big question is why some individuals engage in EPC while others do not — in other 
words, how do individuals make their mating decisions, or mate choice? Whether an 
individual chooses to restrict matings to its social partner or to seek EPC, fitness benefits of 
their mate choice can be generally divided into direct and indirect (genetic) benefits 
(reviewed in Andersson and Simmons, 2006). Direct benefits are resources, such as food, 
territory, parental care, and they are usually more likely to be offered by intra-pair mates. 
Indirect, or genetic fitness benefits can be gained both in intra- and extra-pair matings and 
are expressed in the offspring heterozygosity and, consequently, their fitness 
(heteorozygosity and genetic compatibility hypotheses: Brown, 1997; Zeh and Zeh, 1996, 
1997; reviewed in Kempenaers, 2007). Therefore, to gain indirect benefits, animals are 
expected to choose mates that are unrelated or dissimilar at some fitness-related genes (e.g., 
genes of the major histocompatibility complex, MHC). In addition, individuals can choose 
heterozygous mates to gain direct benefits, because heterozygous partners are expected to 
have higher fitness and should be more likely to provide increased parental care, fertility or 
good quality territory (Kempenaers 2007; Hoffman et al. 2007). Mate choice based in 
relatedness, variation at the MHC genes or heterozygosity has been demonstrated in various 
species of mammals and birds (e.g., García-Navas, Ortego, & Sanz, 2009; Hoffman et al., 2007). 
However, for many pair-living species, the evidence for mate choice based on relatedness or 
genetic similarity remains absent or mixed (e.g., Hansson et al., 2007; Huchard, Knapp, Wang, 
Raymond, & Cowlishaw, 2010; Sommer, 2005). 
The limitations of mate choice in the pair-living animals have been suggested as one of the 
reasons why individuals might seek EPC. In pair-living animals, especially in those with 
biparental care, mate choice can be severely constrained. Not only mates become unavailable 
once paired, but also individuals might face a trade-off between choice for direct and indirect 
benefits. As a result, individuals may end up paired to genetically incompatible or closely 
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related partner. To escape these constraints, animals might engage in EPC that would allow 
them to  gain indirect benefits while still taking advantage of direct benefits provided by the 
social partner (Jennions & Petrie 2000; Brooker et al. 1990). And indeed, numerous studies 
in birds found a positive relationship between relatedness or genetic similarity of social 
partners and the EPP rates, as well as differences in the heterozygosity levels between within‐
pair and extra‐pair offspring (Griffith 2010; Arct et al. 2015). In mammals, however, the 
evidence for relationship between EPP and relatedness or genetic similarity of social partners 
is very limited. To our knowledge, the only pair-living mammal for which this effect has been 
demonstrated to date is fat-tailed dwarf lemurs, Cheirogaleus medius, where females sharing 
more MHC-supertypes with their social partner engaged in more EPC (Schwensow et al. 
2008). 
One of the biggest problems arising from the constraints of mate choice in pair-living animals 
is the risk of inbreeding. In the absence of other options, or as a result of a conflict between 
settling in a territory and avoiding inbreeding, individuals might pair with too closely related 
mates. This problem can be solved “actively” by either avoiding matings with closely related 
individuals (through kin recognition) or engaging in EPC with less related individuals, as 
discussed above (Leedale et al. 2020; Jennions & Petrie 2000). Alternatively, “passive” 
inbreeding avoidance can be ensured by natal dispersal that disrupts opposite-sex kin 
associations and thus allows to avoid matings between them (Greenwood 1980). However, it 
is not clear if dispersal has to be sex-biased to generate enough local genetic dissimilarity 
between breeding females and males to avoid inbreeding. In mammals, dispersal is most often 
male-biased as a consequence of stronger male intra-sexual competition in polygynous 
species, such as most mammals (Greenwood 1980; Dobson 1982). But it is still not well 
understood whether dispersal in pair-living mammals is sex-biased, too, and the evidence 
remains mixed, with some species showing similar rates of dispersal for females and males 
and others demonstrating female-biased dispersal (Mayer et al. 2017b; Fernandez-Duque 
2009; Ribble 1992; Favre et al. 1997). Moreover, many open questions remain about the 
relationships between dispersal, inbreeding avoidance and mating patterns.  
To sum up, current evidence suggests that there is no single ultimate driver of pair-living or 
genetic monogamy across animals. However, many factors have been identified that affect the 
evolution and maintenance of social and genetic monogamy, among them female use of space, 
male care, pair bond, mate guarding, mate choice and population density and dynamics, 
influenced, in turn, by resource use and distribution. All these factors can interact with each 
other, and the relative importance of each of them likely differs across different levels of 
organization. To better understand how social and genetic monogamy is maintained and 
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might have evolved, it is important to examine not only the influence of each of these factors 
on monogamy, but also the relationships between them at different organizational levels, 
such as individuals, groups, populations and species. In birds, there is extensive research on 
these topics. In mammals, however, only a handful of studies have addressed both genetic and 
behavioral aspects of monogamy, partly because monogamy is much rarer in mammals than 
it is in birds. 
 
1.4. Thesis aims 
Neotropical titi monkeys of genera Callicebus, Plecturocebus, and Cheracebus are unusual 
among mammals in exhibiting almost all the elements of the “monogamy package”. They are 
pair living, with groups comprising one reproductive pair and one to three offspring, and form 
long-term pair bonds with high level of spatial cohesiveness between mate mates (Van Belle, 
Fernandez-Duque, et al. 2016; Anzenberger 1988; Fernandez-Duque et al. 2013; Bicca-
Marques & Heymann 2013; see Chapter 2 for more details on titi biology). Titis have an 
exceptionally high level of male care, where the infant is carried almost exclusively by the 
male from the first week of life and is returned to the mother only to suckle (Wright 1984; 
Spence-Aizenberg et al. 2016; Bicca-Marques & Heymann 2013). The only missing monogamy 
component which has yet to be characterized is the genetic mating system. Although titis 
represent a textbook example of a “monogamous” primate, their mating system has not been 
examined in any of the species yet. Likewise, almost nothing is known about the proximate 
influences on titis’ mating system, such as mate choice, dispersal patterns or kinship structure 
of their populations. Finally, little data is available on behavioral mechanisms that maintain 
pair living in titis, such as pair bond maintenance and territorial defense. 
The overall aim of this study was to examine genetic and behavioral correlates of pair living 
in coppery titi monkeys, Plecturocebus cupreus. First, I examined if pair living translated into 
genetic monogamy and analyzed the mechanisms of genetic monogamy maintenance in 
Chapter 3. Second, I addressed two behavioral correlates of pair living, pair bonding and 
biparental care, in Chapters 4 and 5. To further address the mechanisms of pair-living and 
pair-bonding maintenance, I examined the sex differences in anti-predator behaviors in 
Chapter 6. To achieve these aims, I studied a wild population of coppery titis in Peruvian 
Amazon using a combination of observational and genetic methods. This is the first 
comprehensive study addressing both behavioral and genetic correlates of pair living in a 
wild population of titis. The structure of this study is depicted in Fig. 1. 
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Specifically, I addressed the following questions: 
1. Does pair living in coppery titis translate into genetic monogamy (Chapter 3): 
(a) what is the genetic mating system of titis? 
(b) is mate choice in titis based on relatedness or heterozygosity? 
(c) how do titis avoid inbreeding? 
(d) is dispersal sex-biased in titis? 
2. What are the mechanisms of pair-bond maintenance in coppery titis (Chapter 4): 
(a) what are the contributions of each sex to the pair-bond maintenance? 
(b) which factors affect the strength of the pair bond? 
3. How do coppery titis deal with the costs of biparental care (Chapter 5): 
(a) how does infant care affect the pair bond? 
(b) how do activity patterns change in lactating females and infant-carrying males? 
(c) how does diet composition change in lactating females and infant-carrying males? 
4. What are the anti-predator behaviors in coppery titis (Chapter 6): 
(a) does one sex participate in anti-predator defense more actively than another? 
(b) do titis use active anti-predator behaviors? 
 
 
Fig. 1. Relationships between the four elements of “monogamy” and their proximate mechanisms examined in 
this study. Not all possible interactions and proximate influences are included. 
Chapter 2: General methods 
 
 13 
CHAPTER 2: GENERAL METHODS 
2.1. Biology of titi monkeys 
The coppery titi monkey, Plecturocebus cupreus, belongs to a diverse radiation of Neotropical 
primates of the family Pitheciidae (titis, sakis, and uacaris). Titis, comprising up to 35 species 
in the most recent classifications (Boubli et al. 2019; Byrne et al. 2016; Câmara Gusmão et al. 
2019), inhabit an extensive range from the foothills of the northern Andes throughout the 
rainforests of Amazon and upper Orinoco basins, the gallery forests of the Llanos region of 
Colombia, dry forests and Chaco of Paraguay and Bolivia, to the Atlantic forests and wooded 
savanna of Cerrado region of Brazil. Traditionally, all titi species were assigned to one genus, 
Callicebus Thomas 1993, but a recent taxonomic revision supported the division of titi 
monkeys into three genera: Plecturocebus, Cheracebus and Callicebus (Byrne et al. 2016). 
Cheracebus species are sympatric with Plecturocebus species in western Amazon basin, while 
the Atlantic Callicebus species are separated from the other two genera by the Cerrado and 
Caatinga of central Brazil. Phylogenetic analyses and fossil record indicate that Cheracebus 
was the oldest radiation within titis, diverged ca. 11 million years ago, while Callicebus and 
Plecturocebus diverged 9–8 million years ago (Byrne et al. 2016; Perelman et al. 2011). 
Titis are small- to medium-sized arboreal monkeys, with adult body mass of 0.8–1.7 kg (Smith 
& Jungers 1997; Heymann et al. 2012; Defler 2004; Norconk 2020). They have non-prehensile 
tails and little or no physical dimorphism between the sexes (sexual dimorphism ratio in body 
mass 0.85–1.16: Heymann et al., 2012; Norconk, 2011; Smith and Jungers, 1997). Titis feed 
mainly on fruits supplemented by invertebrates, leaves and flowers, with the proportions of 
these components in the diet varying between species (Defler 2004; van Roosmalen et al. 
2002; Byrne et al. 2016; Bicca-Marques & Heymann 2013). They can be preyed upon by 
capuchin monkeys, carnivores, raptors and snakes (see Chapter 6 for the full list of predators). 
Titis live in family groups typically comprising one reproductive pair and up to three young 
(Van Belle, Fernandez-Duque, et al. 2016; Defler 2004; Norconk 2011; Bicca-Marques & 
Heymann 2013). Although there are a few reports of titi groups with extra adult-sized 
individuals, likely resulting from delayed offspring dispersal, most studies indicate that titis 
almost exclusively live in groups with only one adult individual of each sex (Felton et al. 2006; 
Cäsar et al. 2012; Van Belle, Fernandez-Duque, et al. 2016; Bicca-Marques et al. 2002; Price & 
Piedade 2001; Bicca-Marques & Heymann 2013). Family groups range over an area of 5–10 
ha on average and up to 50 ha in rare cases, although in highly fragmented forests home range 
size may be less than 1 ha (Norconk 2020; Bicca-Marques & Heymann 2013). 
The relationships between group members are generally very peaceful, and intra-group 
aggression in wild titis is extremely rare (some examples: Lawrence, 2007; Spence-Aizenberg 
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et al., 2016). All group members frequently groom each other and rest in body contact, 
especially pair mates, who spend most of the time within few meters of each other (almost 
50% of time within 1 m in this study) and engage in long grooming sessions that can for last 
several hours and account for 5–10% of daily activity time (Fernandez-Duque et al., 2013; 
Kinzey and Wright, 1982; Lawrence, 2007; Spence-Aizenberg et al., 2016; Chapter 4). Perhaps 
the most characteristic affiliative behavior in titis is tail-twining when two or more animals 
interlace their tails while sitting side by side; this behavior gave name to the genus 
Plecturocebus, meaning “tail-twining long-tailed monkey” in Greek). Another prominent 
behavior is duetting, a coordinated loud calling that is performed by pair mates and is often 
joined by the offspring to form a chorus. Duets and choruses are most often performed in the 
morning and during intergroup encounters and are thought to play a role in resource and 
mate defense (Caselli et al. 2014; Robinson 1981; Kinzey & Robinson 1983; Robinson 1979). 
Titis have a remarkably high level of male care. Both in the wild and in captivity, the infant is 
carried almost exclusively by the adult male from the first week of life and is returned to the 
mother only to suckle; males also play with offspring and share food with them more often 
than females (Wright 1984; Spence-Aizenberg et al. 2016; Tirado Herrera & Heymann 2004; 
Lawrence 2007; Jantschke et al. 1995; Fragaszy et al. 1982; Bicca-Marques & Heymann 2013). 
Titis typically give birth to a single infant once a year, with most births occurring between 
September and January in wild groups and year-round in captivity (Valeggia et al. 1999; Van 
Belle, Fernandez-Duque, et al. 2016; Souza-Alves et al. 2019; Bicca-Marques & Heymann 
2013). The interbirth intervals are close to one year both in the wild and in captivity and are 
shorter after an early death of the infant (during the first year) than after the infant’s survival 
(11.9 vs. 14.2 months in wild P. discolor), indicating the absence of seasonal ovarian inactivity 
(Van Belle, Fernandez-Duque, et al. 2016; Jantschke et al. 1995; Valeggia et al. 1999). 
Twinning in wild titis has been reported only three times, in P. cupreus, P. toppini and C. 
coimbrai (Knogge & Heymann 1995; Lawrence 2007; de Santana et al. 2014). Females have 
no external signs of ovulation, and cycle length in captivity average 17 days (Valeggia et al., 
1999). Gestation lasts ca. 4.5 months, followed by ca. 6.5 months of lactational anovulation 
(data from captivity: Jantschke et al., 1995; Valeggia et al., 1999). 
Offspring disperse from their natal groups at the age of 2–4 years, presumably after reaching 
sexual maturity, although no data on age at first reproduction are available for wild titis (Van 
Belle, Fernandez-Duque, et al. 2016; Palacios et al. 1997; Bicca-Marques & Heymann 2013). 
In captivity, females gave birth to their first infant when they are on average 3.7 years old 
(Valeggia et al. 1999), and in the wild, a female was observed to copulate at the age of 2.6. 
years, after dispersing from her natal group at the age of 2.2 years (Van Belle, Fernandez-
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Duque, et al. 2016). Both sexes seem to disperse, although it is unknown how far each sex 
migrates (Palacios et al. 1997; Van Belle, Fernandez-Duque, et al. 2016; Bossuyt 2002). 
Generally, very little is known about demography or life history of wild titis. The scarcity of 
data can be partly attributed to the difficulty of studying wild pitheciids in general and titis in 
particular. As noted in the recent book on pitheciids, “titis are almost pathologically shy, and 
seem to spend most of their time moving quietly in dense vegetation” (Veiga et al. 2013). To 
date, the longest dataset available for titis is a 12-year study on red titis, Plecturocebus discolor 
(previously Callicebus discolor) (Van Belle et al., 2016), and there are no published studies on 
genetic mating system or kinship structure on any wild titi population.  
Coppery titis, P. cupreus (previously Callicebus cupreus), are found in the tropical rainforests 
of the western Amazonia: south of Rio Napo and Rio Solimões and to the headwaters of the 
Rios Juruá and Purús in Brazil, from the east bank of Rio Ucayali to the west bank of Rio Purús 
(van Roosmalen et al. 2002; Hershkovitz 1990) (Fig. 2). Coppery titis have a body mass of ca. 
750–1200 g, with males being slightly larger than females(Heymann et al. 2012). The only 
field site for which data on wild P. cupreus is available is Estación Biológica Quebrada Blanco 
(EBQB)1, where this study has been conducted. Two groups at EBQB have been followed 
intermittently since 1997, and accounts of their activity budgets, diet composition and 
ranging patterns have been published (Kulp & Heymann 2015; Nadjafzadeh & Heymann 
2008). There are, however, almost no data on demography and life history of P. cupreus (only 
occasional birth records at EBQB are available: Knogge and Heymann, 1995; Terrones Ruiz et 
al., 2004; Tirado Herrera and Heymann, 2004). 
 
Fig. 2. The distribution of Plecturocebus cupreus and the location of the Estación Biológica Quebrada Blanco 
(EBQB). The range map is obtained from www.alltheworldsprimates.org/Home.aspx. 
 
1 A population in Northwestern Brazil, studied by Bicca-Marques et al. (2002), although reported as P. cupreus 
(Callicebus cupreus under the old classification), is located to the east of Rio Purús and should be classified as P. 
toppini (Byrne et al. 2016). 
EBQB
Plecturocebus cupreus range
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2.2. Study site 
This study was conducted in June 2017–December 2018 at the Estación Biológica Quebrada 
Blanco (EBQB) in the north-eastern Peruvian Amazonia (4°21’S 73°09’W, ca. 120 m above sea 
level) (Fig. 2). The study area consists mainly of primary tropical rainforest of the "terra 
firme” type (not inundated during the rainy season) interspersed with small swampy areas. 
The home ranges of three study groups (Groups 2, 3, and 13, see Fig. 4 below) also included 
land strips along the river (Quebrada Blanco) that can be inundated for a few days during the 
height of the rainy season. Rainfall shows a strongly seasonal pattern, with a dry season (<250 
mm/month) between June and November and a wet season (≥250 mm/month) between 
December and May (data for 1997–2016: Heymann et al., 2019). In 2017 and 2018, the 
rainfall generally followed the same pattern, with June–September being relatively dry (200 
mm/month; Fig. 3). However, in February 2017 and 2018 (the middle of the wet season) and 
in November 2018 (transition from dry to wet season), rainfall dropped below 200 
mm/month. This likely reflects the trend towards more erratic rainfall fluctuations in the 
western Amazon basin during the recent years, reported by both local people and long-term 
studies (e.g., Haghtalab et al., 2020, showed a higher number of extreme droughts and floods 
since 1982). Total rainfall in 2017 and 2018 was 2947 mm and 2719 mm, respectively. 
 
Fig. 3. Monthly variation of rainfall at Tamshiyacu (4°00’10.7”S 73°09’38.2”W), ca. 40 km north of EBQB, in 2017 
and 2018. Raw data downloaded from Servicio Nacional de Meteorología e Hidrología del Perú 
(www.senamhi.gob.pe). 
 
2.3. Study animals and habituation 
Study individuals belonged to 14 family groups (Fig. 4). Group 1 had been habituated to the 
presence of human observers and studied intermittently since 1997; the other groups were 
habituated during this study by teams of 2–3 local field assistants. Details on study groups are 
provided in Chapter 3. We considered a group fully habituated when the animals allowed us 
to approach to within 5 m without fleeing or hiding. On average, it took 6 (3–10) weeks to 
habituate a group. Some groups, however, could never be habituated. For example, the 
animals from Group 12, after being followed intermittently for almost 8 months, still ran from 
the observers when they tried to approach them, and eventually we had to abandon the group. 
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Interestingly, the group is known for more than 15 years, but could never be fully habituated 
in the past either. Another group that had to be abandoned after more than 10 weeks of 
unsuccessful attempts was Group 14. 
Home range sizes varied from 3.6 to 12.98 ha (mean = 7.2 ha; Chapter 3) and overlapped only 
slightly between neighbouring groups (mean = 1.4%, varying from 0 to 4.7%; Chapter 3, Fig. 
4). The exception is the home range of Group 11 that was newly established following the 
dispersal of a subadult male from his natal Group 1 and was most likely not permanent and 
bound to shift later (more details on the dispersal event in Chapter 3).  
Seven of the groups (1–7) were subject to both behavioral (Chapters 4–6) and genetic 
(Chapter 3) studies; the remaining groups were used only to collect samples for genetic 
analyses (Chapter 3). We individually identified all the study animals based on the 
combination of body size, tail shape and colouration, and genital size and shape. 
 
Fig. 4. Home ranges of study groups, estimated using the 95% fixed kernel density method with ArcGIS Desktop 
10.6 (ESRI). The home range of Group 14 is depicted as dotted ellipse because we did not have enough GPS data 
to reliably estimate its home range. The home range of Group 11 is depicted as dotted line because this newly 
established territory was most likely not permanent and bound to shift later (see Chapter 3 for details).2 
 
2 The spatial gap between Groups 8–9 and the rest of the groups is a result of study logistics, not the lack of titis 
in that area. Most of the groups were located around the camp because they were easier to access and the 
animals were already partly habituated to human presence; Groups 8–9, located near the house of one of the 
local field assistants, were chosen for the same reason. The gap between Groups 2, 3 and 6 on one hand and of 
Groups 1, 5 and 7 on the other hand is partly occupied by a secondary forest (abandoned buffalo pasture 
regenerating since 2000) that seems to be avoided by titis (Kulp & Heymann 2015). During the study period, we 
never saw titis inside this area; Group 14 occupies the primary forest. 
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2.4. Data collection: outline 
The study was conducted in June 2017–December 2018. Behavioral data were collected 
during two field seasons, June–December 2017 and June–December 2018. Each group was 
followed in blocks of 5–6 days by a team of two people from the early morning when the 
animals left a sleeping site (or from when the groups was located) until the late afternoon 
when the animals retired to a sleeping site (or until the group was lost). The main focus of 
behavioral data collection was the social interactions of breeding adults, infant care behavior, 
and territorial behavior, described in Chapters 4 and 5. These data were collected by me 
throughout both field seasons and additionally by two volunteer field assistants in 2018. We 
used continuous focal animal sampling of the adult male and female of each group; the details 
of sampling method are provided in Chapters 4 and 5. The second person following the group 
(local field assistant) recorded the GPS position of the groups every 10 min using Garmin GPS 
Map 62/64s and used scan sampling to record identity and activity of each visible individual. 
Additionally, any significant behaviors that did not occur frequently enough to be recorded 
during focal animal or instantaneous scan sampling (copulations, predator encounters and 
attacks, duetting, intergroup encounters, predator, etc.) were opportunistically recorded. 
Outside of the two main field seasons, study groups were monitored for 1–2 days per month 
by the local field assistants for the changes in group composition. Genetic samples were 
collected continuously by me and all the field assistants from the beginning of the study until 
September 2019. The details of genetic data collection are provided in Chapter 3. 
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In pair-living mammals, genetic monogamy is extremely rare. One possible reason is that in 
socially monogamous animals, mate choice can be severely constrained, increasing the risk of 
inbreeding or pairing with an incompatible or low-quality partner. To escape these 
constraints, individuals might engage in extra-pair copulations. Alternatively, inbreeding can 
be avoided by dispersal. However, little is known about the interactions between mating 
system, mate choice and dispersal in pair-living mammals. Here we genotyped 41 wild 
individuals from 14 groups of coppery titi monkeys (Plecturocebus cupreus) in Peruvian 
Amazon using 18 microsatellite loci. Parentage analyses of 18 young revealed no cases of 
extra-pair paternity, indicating that the study population is mostly genetically monogamous. 
We did not find evidence for relatedness- or heterozygosity-based mate choice. Despite the 
lack of evidence for active inbreeding avoidance via mate choice, mating partners were on 
average not related. We further found that dispersal was not sex-biased, with both sexes 
dispersing opportunistically over varying distances. Our findings suggest that even 
opportunistic dispersal, as long as it is not constrained, can generate sufficient genetic 
diversity to prevent inbreeding. This, in turn, can render active inbreeding avoidance via mate 
choice and extra-pair copulations less necessary, helping to maintain genetic monogamy. 
Introduction 
Since sexual selection in both males and females is influenced by the number of mating 
partners, extra-pair paternities (EPP) play an important role in the evolution of mating 
systems (Petrie & Kempenaers 1998; Clutton-Brock 2007). EPP are common in pair-living, or 
socially monogamous birds and mammals (see Table 1 for definitions used in this study), 
including humans, while genetic monogamy is a very rare phenomenon (Huck et al. 2014; 
Petrie & Kempenaers 1998; Isvaran & Clutton-Brock 2007). Among pair-living mammals — 
which constitute up to 9% of mammal species, depending on the classification method (Lukas 
& Clutton-Brock 2013; Opie et al. 2013) — strict genetic monogamy (no cases of EPP) has 
been reported for only seven species so far (Table 2). Four other species can be considered as 
“mostly” genetically monogamous, with the rate of EPP <10%. However, for most pair-living 
mammal species, genetic paternity data simply does not exist yet, and therefore our 
understanding of the frequency of genetic monogamy is very incomplete. 
Rates of EPP vary substantially between species and populations and have been shown to be 
affected by various factors, such as, for example, intensity of male care, pair-bond strength 
and population density (Huck et al. 2014; Arct et al. 2015; Isvaran & Clutton-Brock 2007; 
Brouwer et al. 2017). The intriguing question is why some individuals engage in mating with 
multiple partners while others do not. The advantages to males of engaging in extra-pair 
copulations (EPC) are well recognized, as males are expected to increase their fitness by 
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increasing the number of mating partners as the result of their higher potential reproductive 
rate (Clutton-Brock 2007; Trivers 1972). However, in pair-living species with biparental care, 
potential reproductive rates and, consequently, levels of intra-sexual competition will be 
more similar for males and females (Clutton-Brock 2007). As a result, both sexes might be 
expected to gain benefits from engaging in EPC (Jennions & Petrie 2000). These benefits might 
include insurance against social partner’s infertility, maximizing genetic diversity among 
offspring or increasing offspring genetic quality by mating with individuals that are more 
genetically compatible or of higher genetic quality (reviewed in e.g. Brouwer & Griffith 2019). 
One potential advantage of EPC to both sexes could be related to limitations in mate choice. 
In pair-living species with biparental care, especially in those with low mobility and low 
breeding density, mate choice can be highly constrained. First, mates become unavailable 
once paired. And second, individuals may face a conflict between choice for direct benefits 
(territory quality, intensity of paternal care) and indirect genetic benefits (partner genetic 
quality or compatibility). As a result of this constrained mate choice, individuals may end up 
paired to a genetically incompatible, closely related or low-quality partner. To escape these 
constraints, animals might seek EPC that would allow them to gain indirect benefits while still 
taking advantage of direct benefits provided by the social partner (Jennions & Petrie 2000). 
This strategy has been demonstrated in various bird species (Foerster et al. 2003; Arct et al. 
2015). In mammals, the evidence is much more limited. In Alpine marmots, Marmota 
marmota, and meerkats, Suricata suricatta, EPP rates were found to be higher in pairs where 
partners were more closely related (Cohas et al. 2008; Leclaire et al. 2013). But, to our 
knowledge, the positive relationship between partners’ genetic similarity and EPP rates has 
been only demonstrated in one pair-living mammal species: in fat-tailed dwarf lemur, 
Cheirogaleus medius, females sharing more major histocompatibility complex (MHC)-
supertypes with their social partner were shown to engage in more EPC (Schwensow et al. 
2008). 
Table 1. Terminology used in this study, proposed in Huck et al. (2020) and based on the framework of 
Kappeler (2019). 
Pair-living (who lives with whom): a type of social organization where one adult male and one adult female 
share a home range, possibly with their non-reproducing offspring. This is often referred to as “social 
monogamy”. 
Pair-bonded (who is affiliated with whom): a type of social structure where one adult male and one adult 
female have an affiliative relationship to the exclusion of other adults, as evidenced by behavioral, 
emotional, and endocrinological characteristics. 
Sexual monogamy (who mates with whom): a type of social mating system where one adult male and one 
adult female have an exclusive mating relationship during at least one reproductive season. 
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Genetic monogamy (who produces offspring with whom): a type of genetic mating system where one adult 
male and one adult female produce offspring exclusively with each other over a set of multiple births (at 
least one reproductive season for species that produce more than one infant per litter and over more than 
one consecutive reproductive seasons for species with singleton births) 
Biparental care (who provides parental care): a type of care system where a mother and putative father 
regularly provide offspring care. 
 
Table 2. List of genetically monogamous mammals with no extra-pair paternities (EPP) detected. Also 
included two predominantly genetically monogamous species with the proportion of EPP rate < 10%. 
Species Sample size Genotyping 
method used 






35 offspring of 29 
family groups (128 
animals in total) 
14 microsatellite 
loci 




4 offspring of 4 family 








12 offspring of 11 
family groups (68 
animals in total) 
7 microsatellite 
loci 




96 offspring of 18 
family groups (236 
animals in total) 
12 microsatellite 
loci 





82 offspring of 22 
complete groups, plus 
17 offspring from 
incomplete groups 
(samples from father 











60 offspring of 28 
family groups (139 
animals in total) 
Polymorphisms 
of a major 
histocompatibilit
y complex class 








0, with 3 cases of 
male and 3 cases 
of female 
replacement but 
no litters sired by 
multiple fathers 









0, with 2 cases of 
female 
replacement but 
no litters sired by 
multiple fathers 
Wu et al. 2012 





(a) 18 offspring of 9 
colonies plus 6 family 
groups with only 
adults (38 animals in 
total) (Syrůčková et 
al. 2015); 
(b) 166 offspring of 
48 family groups (356 




(b) 27 single 
nucleotide 
polymorphisms 
(a) 0, with one 
possible female 
replacement but 




the EPP rate of 
5.4%; 7 offspring 
were sired by 
neighboring males, 
in 2 cases the 
paternity could 
not be assigned 
(a) Syrůčková et 
al. 2015; 
(b) Nimje et al. 
2019 
Indri (Indri indri) 12 offspring of 7 
family groups (26 




to the EPP rate of 
8.3%; social father 
excluded as 
genetic father but 
no other male 
indicated as likely 
father 






10 offspring of 6 
family groups (29 




to the EPP rate of 









41 offspring, 27 born 
in pair-living groups 
and 15 born in multi-
male groups (89 




to the EPP rate of 
7.3%; 2 were sired 
by neighboring 
males, in 1 case 
the paternity 
could not be 
assigned  
Barelli et al. 
2013 
 
Any mate choice, whether it is a choice for social or extra-pair partner, is expected to 
maximize not only direct fitness benefits, but also indirect (genetic) benefits, expressed as 
increased genetic quality of offspring. The closely related hypotheses of genetic compatibility 
and heterozygosity posit that individuals benefit from choosing a mate that will maximize 
offspring heterozygosity (Kempenaers 2007; Brown 1997; Zeh & Zeh 1997). Thus, animals 
are expected to choose mates that are genetically unrelated or dissimilar at some fitness-
related genes (e.g., MHC genes). An increase in offspring heterozygosity resulting from this 
disassortative mating is expected to increase offspring fitness, as indicated by links between 
individual heterozygosity and various fitness proxies, such as survival, reproductive success 
and parasite resistance (e.g., (Coltman et al. 1999; Foerster et al. 2003; Ortego et al. 2007); 
reviewed in (Kempenaers 2007)). In addition, irrespective of genetic compatibility, 
individuals might also benefit from choosing genetically higher-quality mates, i.e., those who 
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carry “good genes” or are more heterozygous (Kempenaers 2007). With regard to 
heterozygosity, two opposing hypotheses have been suggested (Kempenaers 2007). First, 
heterozygosity may be expected to be positively correlated between mates, because less 
heterozygous individuals might be less successful in finding the best, i.e., more heterozygous 
partners. Alternatively, the correlation of heterozygosity between partners might be negative, 
because less heterozygous individuals need to compensate for their lower quality by choosing 
more heterozygous mates. Additionally, as heterozygous partners are expected to have higher 
fitness, they should additionally be more likely to provide direct benefits such as increased 
parental care, fertility or superior territory (Kempenaers 2007; Hoffman et al. 2007).  
Mate choice based on heterozygosity was demonstrated in various species of birds and 
mammals. For example, in blue tits, Cyanistes caeruleus, heterozygosity was positively 
correlated between social mates, indicating that mating preferences were based on partner’s 
heterozygosity (García-Navas et al. 2009). In Antarctic fur seals, Arctocephalus gazella, where 
females exert choice by moving across a breeding colony to visit largely stationary males, 
females were shown to move further to maximize the balance between male high 
heterozygosity and low relatedness (Hoffman et al. 2007). In many species, mate choice was 
shown to be based on MHC loci dissimilarity (e.g., fat-tailed dwarf lemur (Schwensow et al. 
2008)) or, conversely, similarity (probably an adaptation to local pathogens, shown in, e.g., 
Malagasy giant jumping rat, Hypogeomys antimena, and European badgers, Meles meles 
(Sommer 2005; Sin et al. 2015)). Finally, relatedness-based mate choice, while demonstrated 
in some species, such as Antarctic fur seals, was not found in many other studied species, such 
as fat-tailed dwarf lemurs, blue tits and great reed warblers, Acrocephalus arundinaceus 
(García-Navas et al. 2009; Hansson et al. 2007; Sommer 2005; Schwensow et al. 2008). 
The absence of relatedness-based mate choice in pair-living species, such as fat-tailed dwarf 
lemurs or blue tits, might seem particularly surprising, because the risk of inbreeding in such 
species is expected to be high due to constrained mate choice. In the absence of other options, 
or as a result of trade-offs between a choice for a good territory vs. a choice for 
unrelated/compatible partner, individuals might end up paired with close relatives. 
Therefore, pair-living animals may be expected to use relatedness-based mate choice to 
“actively” avoid pairings with closely related individuals (Leedale et al. 2020). However, 
pairings with close relatives might be also avoided “passively” by natal dispersal that can 
disrupt the associations of opposite-sex kin and thus prevent matings between them 
(Greenwood 1980). Dispersal was shown to be sufficient to avoid inbreeding or reach a 
certain level of genetic dissimilarity in many situations (García-Navas et al. 2009; Hansson et 
al. 2007; Huchard et al. 2010). It remains unclear, however, if dispersal has to be sex-biased 
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to generate enough local genetic dissimilarity between breeding females and males to avoid 
inbreeding. In most mammals, males are the dispersing sex, because in polygynous mating 
systems, which are prevailing in mammals, males experience stronger intra-sexual 
competition for mates than females (Greenwood 1980; Dobson 1982). Following the same 
logic, mammals that mate monogamously or cooperatively with high levels of reproductive 
monopolization by a dominant pair are expected to have little or no sex bias in dispersal. This 
was found to be true in some mammals, such as the genetically monogamous Azara’s owl 
monkey, Aotus azarae, where both sexes disperse, or cooperatively breeding meerkats, where 
dispersal is only slightly male-biased (Doolan & Macdonald 1996; Fernandez-Duque 2009). 
However, in other mammals, e.g., genetically monogamous California mice, Peromyscus 
californicus, or socially monogamous greater white-toothed shrew, Crocidura russula, 
dispersal was found to be female-biased (Ribble 1992; Favre et al. 1997). 
Here, we present a comprehensive study of the genetic mating system, mate choice and 
dispersal in a wild population of coppery titi monkeys, Plecturocebus cupreus. Titi monkeys 
(genera Callicebus, Plecturocebus, and Cheracebus) exhibit almost all the elements of the 
“monogamy package”, such as pair living, strong long-term pair bonds, an exceptionally high 
level of male care (the infant is carried almost exclusively by the social father), territoriality, 
and sexual monomorphism (Van Belle, Fernandez-Duque, et al. 2016; Bicca-Marques & 
Heymann 2013; Anzenberger 1988; Fernandez-Duque et al. 2013). The only missing 
component which has yet to be characterized is the genetic mating system. Titis are one of 
the very few mammalian taxa that exhibit both high level of male care and strong pair bonds, 
two characteristics shown to affect the rates of EPP in mammals (Huck et al. 2014). The 
examination of their mating system and the proximate mechanisms of its maintenance may, 
therefore, shed light on the evolution of social and genetic monogamy in mammals. In this 
study, we first examined the mating system of coppery titis using a set of 18 newly developed 
microsatellite loci that can be universally applied to Neotropical monkeys. Second, we tested 
for evidence of relatedness- and/or heterozygosity-based mate choice. Finally, to see if 
dispersal is sex-biased, we compared genetic relatedness and diversity patterns in adult 
females and males and performed spatial genetic analysis. Given consistent pair living, strong 
pair bonds and high levels of male care in coppery titis, we predicted them to be genetically 
monogamous or have a very low rate of EPP. Since the risk of inbreeding is expected to be 
especially high for long-lived pair-living species such as titis, we expected to find evidence for 
active inbreeding avoidance via mate choice and/or for heterozygosity-based mate choice.  
We predicted both sexes to disperse, as expected from a pair-living territorial mammal with 
biparental care. 




Study site and study population 
The study was conducted at the Estación Biológica Quebrada Blanco in the north-eastern 
Peruvian Amazon (4°21’S, 73°09’W) in June 2017 – September 2019. The study area consists 
mainly of undisturbed primary tropical rainforest of the "terra firme” type (not inundated 
during the rainy season) interspersed with small swampy areas. The home ranges of Groups 
2, 3, and 13 also included land strips of secondary growth along the river that can be 
inundated for a few days during the height of the rainy season. The spatial gap between 
Groups 1, 6, 14, and 7 (Fig. 1, 2) is partly occupied by a secondary forest (abandoned buffalo 
pasture regenerating since 2000) that is avoided by titi monkeys (Kulp & Heymann 2015). 
The spatial gap between Groups 8–9 and the remaining groups (Fig. 1, 2) was a result of study 
logistics (proximity to camp buildings), not a lack of titi groups in this area. 
Study individuals belonged to 14 family groups (Supplementary Table S1, Fig. 1), seven of 
which (Groups 1–7) were also subject to behavioral studies conducted in June–December 
2017 and June–December 2018  (Dolotovskaya, Walker, et al. 2019; Dolotovskaya & Heymann 
2020; Dolotovskaya, Flores Amasifuen, et al. 2019). Between the periods of behavioral data 
collection, the groups were monitored for 2–3 days per month, and genetic samples were 
collected continuously from the beginning of the study until September 2019. Group 1 had 
been habituated to the presence of human observers and studied intermittently since 1997; 
the other groups were habituated during this study. We individually identified all study 
animals based on the combination of body size, tail shape and colouration, genitalia shape, 
and natural marks. To control for possible misidentification of animals in the field, we 
genotyped study individuals from 2–3 independent samples (only one individual, a juvenile 
from Group 10, was genotyped from just one sample; see Discussion). We also used a PCR-
based sexing assay (Di Fiore 2005) to confirm reported sex (and to sex young individuals for 
whom sex could not be identified in the field). 
Home ranges of study groups (Fig. 1, 2) were estimated using the 95% fixed kernel density 
method with ArcGIS Desktop 10.6 (ESRI) on the basis of GPS points collected during group 
follows at 10 min intervals with a GPS unit (Garmin GPSMAP 62s or 64s; N = 19,456 GPS 
points, mean per group = 1497 GPS points). Home range sizes varied from 3.6 to 12.98 ha 
(Supplementary Table S1). 
Titis typically give birth to a single infant once a year (Van Belle, Fernandez-Duque, et al. 
2016; Bicca-Marques & Heymann 2013; Souza-Alves et al. 2019). In our study population, 
most of the births occurred between October and February and only one occurred in June 
(Supplementary Table S1). As the offspring disperse at the age of 2–4 years (Van Belle, 
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Fernandez-Duque, et al. 2016; Bicca-Marques & Heymann 2013; Souza-Alves et al. 2019), the 
pedigree in our study comprised up to 5 generations of offspring per group (Supplementary 
Table S1). 
Fecal sample collection and DNA extraction 
We collected fecal samples from 41 individuals (3-15 samples per individual) living in 14 
family groups, including 18 putative offspring of 9 family groups (1 to 5 offspring per group). 
Five other groups either did not have offspring during the study period (or they had 
disappeared before we could collect samples) or the samples could not be collected because 
the offspring were still very young and thus their defecations too diminutive to be detected. 
Also due to differential habituation to the presence of humans, for some groups we could not 
obtain samples from all group members. For those groups that were habituated in the 
beginning of the study period, we collected samples from offspring from several consecutive 
years.  
Fecal samples were collected immediately after an identified individual was seen defecating. 
We dried the samples in 15 mL falcon tubes containing silica gel beads (Carl Roth, Karlsruhe, 
Germany) and stored them at ambient temperature, replacing the silica beads when 
necessary, until shipping to Germany. 
We extracted DNA (at least two samples per individual for all animals except one offspring of 
Group 10; see Results for more details) from ca. 200 mg of feces using the Macherey-Nagel 
NucleSpin© DNA stool kit with a final elution of the DNA in 50 L elution buffer. DNA 
concentration of the extracts was measured using a NanoDrop Spectrophotometer (ND-1000, 
PEQLAB Biotechnologie GmbH) and a Qubit Fluorometer (Thermo Fisher). 
Microsatellite genotyping 
As published microsatellite loci for titi monkeys (Mendoza et al. 2015; Martins 2015; 
Menescal et al. 2009) revealed unreliable results for our study species, we established a new 
set of 27 di-repeat microsatellite loci that can be universally applied to Neotropical primates 
(details are described in Supplementary Materials and Supplementary Tables S3–4). To 
simplify library preparation for genotyping by sequencing, we added adapter nucleotide 
sequences to the 5’ end of the locus-specific primers. 
We amplified all 27 loci in a single multiplex PCR using the Qiagen Multiplex PCR Kit (Qiagen) 
with a total volume of 25 L and containing 12.5 L 2x Multiplex Master Mix, 1 L of primer 
pool (0.2 M of each primer), 1 L of DNA extract (ca. 200 ng total DNA) and 10.5 L of RNase-
free water. Amplifications were performed with initial denaturation at 95°C for 15 min, 40 
cycles of denaturation at 94°C for 30 sec, annealing at 57 °C for 1.5 min, extension at 72 °C for 
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1 min and a final extension at 60°C for 30 min. PCR products were checked on 1.5% agarose 
gels together with non-template controls. To prevent false homozygosity due to allelic 
dropout, we repeated each multiplex reaction three times (Barbian et al. 2018). In some 
samples, the total multiplex reaction with all 27 loci yielded low number of sequencing reads; 
in these cases, we additionally amplified the loci in three separate multiplex reactions with 
the following primer pools: chr01b–chr07a, chr08a–chr12a, chr12b–chrXa, as this method 
usually yielded more reads (see Supplementary Materials for details). The reactions and PCR 
conditions for three separate multiplex reactions were the same as for the total multiplex 
reaction. 
Following amplification, we pooled 5 L of each multiplex PCR product (or of each PCR 
product of three separate multiplex reactions), purified the pooled products with the 
Monarch PCR & DNA Cleanup Kit (New England BioLabs) and quantified them using Qubit 
Fluorometer (Thermo Fisher). To prepare sequencing libraries, we performed indexing PCRs 
using Kapa HiFi Hotstart ReadyMix PCR Kit (Roche) with a total volume of 25 L containing 
12.5 L 2x Kapa HiFi Hotstart ReadyMix, 1 L (0.5 M) of each indexing primer (containing 
individual barcodes) and 100 ng purified PCR product. Indexing PCRs were done with an 
initial denaturation step at 98°C for 45 sec, followed by 4 cycles of denaturation at 98°C for 
15 sec, annealing at 62°C for 30 sec and extension at 72 °C for 30 sec, and a final extension 
step at 72°C for 1 min. Full-length libraries were purified with the Monarch PCR & DNA 
Cleanup Kit (New England BioLabs) and quantified using Qubit Fluorometer (Thermo Fisher). 
Fragment sizes and molarities were quantified using a Bioanalyzer 2100 (Agilent 
Technologies). Libraries were diluted to 10 nM and then pooled and sequenced using Miseq 
Reagent Kit v2 with PhiX DNA (Illumina) added on the MiSeq system (Illumina). Sequencing 
was performed with 51 forward and 251 reverse read cycles. Only the reverse reads were 
used for further analysis, while forward reads were only used for MiSeq quality control. To 
control for laboratory mistakes, we genotyped each sample twice, leading to at least four 
genotypes per individual. 
After sequencing, the samples were demultiplexed using MiSeq Reporter software and then 
processed using the CHIIMP analysis pipeline (Barbian et al. 2018). The CHIIMP pipeline calls 
alleles by first producing unique sequences with relevant attributes (read counts, sequence 
length, etc.) for each MiSeq sequence file, querying the sequences for potential PCR artifacts, 
such as stutter sequences, and then removing all sequences that do not match the locus 
attributes. All alleles called by CHIIMP were manually checked to validate the results and to 
correct automated allele calling for those loci that contain “wobble” positions in the primer 
sequences and are incorrectly processed by CHIIMP. We used a cutoff of 250 reads. 
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Additionally, we accepted alleles if they yielded >100 reads in at least three genotypes 
obtained per individual. Alleles with <100 reads were not called. 
Of 27 loci, nine either consistently failed to amplify in our study animals (chr06b, chr11f, 
chr16b) or proved to be monomorphic (chr02a, chr02b, chr04a, chr10b, chr12a, chr13b) and 
were excluded from further analysis. The final set consisted of 18 loci, including 17 autosomal 
and one X-linked locus (chrXa) (Supplementary Table S5). All animals were genotyped at a 
minimum of 14 loci (16.8 loci on average), and the mean number of alleles per locus was 8.9. 
We checked all loci for the presence of null alleles, allelic dropout and stuttering using Micro-
Checker 2.2.5 (Van Oosterhout et al. 2004). We assessed Hardy–Weinberg equilibrium (HWE) 
and calculated observed and expected heterozygosity with PopGenReport 2.2.2 (Adamack & 
Gruber 2014). Since the presence of family structure can cause deviations from HWE and bias 
population genetic analyses, especially in monogamous species, we only included adults in 
this analysis. The analysis indicated that the population was in HWE. Two loci, chr01b and 
chr21a, departed from HWE, likely due to the presence of relatives in a study group and/or 
small sample size. 
One of these two loci, chr01b, also showed evidence of null alleles. As the locus did not show 
any mismatches for the known mother/offspring dyads (see below), we ran all further 
analyses using two sets of data, one with the full set of loci and another one with locus chr01b 
excluded. Since the results from these two sets did not differ substantially, we present all 
further results only for the reduced data set. 
Mitochondrial DNA (mtDNA) genotyping 
We genotyped all individuals at the hypervariable region I of the mitochondrial control region 
using primers 5’-TACCTCGGTCTTGTAAACCG-3’ and 5’-AGGTAGGAACCAGATGCCG-3’, newly 
designed on the basis of mitochondrial genomes of Neotropical primates available in 
GenBank. PCR reactions with a total volume of 30 µl contained 1 U BiothermTaq 5000 
(Genecraft), 1x reaction buffer, 0.16 mM of each dNTP, 0.33 µM of each primer and ca. 100ng 
total DNA. PCRs were performed with initial denaturation at 95 °C for 2 min, 40 cycles of 
denaturation at 95 °C for 1 min, annealing at 58 °C for 1 min, extension at 72 °C for 1 min and 
a final extension at 72 °C for 5 min. PCR products were run on 1% agarose gels, excised from 
the gel and then purified with the Monarch DNA Gel Extraction Kit (New England BioLabs) 
and sequenced on an ABI 3130xL sequencer using both amplification primers and the BigDye 
Cycle Sequencing Kit (Applied Biosystems). Sequence electropherograms were checked with 
4Peaks 1.8 (https://nucleobytes.com/4peaks/index.html) and manually edited and 
assembled in SeaView 4.5.4 (Gouy et al. 2010); all haplotypes were 567 bp long. 
Statistical analyses 
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As X-linked loci are haploid in males and cannot be treated in the analyses in the same way as 
autosomal loci, all the following statistical tests were performed using the set of 16 autosomal 
loci for both sexes. The data for the X-linked locus chrXa was used separately to manually 
check for allelic mismatches between candidate parents and offspring in the parentage 
analyses. 
(1) Parentage analyses 
Parentage was assigned using Cervus 3.0 (Kalinowski et al. 2007). Cervus compares 
likelihood ratios of the two most likely candidate parents and assigns parentage based on 
statistical thresholds generated during the simulation analysis. For Cervus analysis, we used 
a simulation of 100,000 offspring, an error rate of 0.01, 90% relaxed and 95% strict 
confidence level, and accounted for relatedness of candidate mothers and fathers. 
Relatedness was calculated with the R package related 1.0 (Pew et al. 2015) using Wang’s 
estimator r (Wang 2002). This estimator was chosen because it performed best in 
simulations, showing the highest correlation between observed and expected values for our 
set of loci. We also specified a proportion of candidate fathers sampled as 0.85 to allow for 
unsampled males in adjacent territories and potential floaters. Additionally, we used Colony 
2.0.6.5 (Jones & Wang 2010) to verify parentage assignments from Cervus. Unlike Cervus, 
Colony reconstructs a full pedigree, inferring sibship and parentage among individuals by 
comparing the likelihood of different clusters of individuals and maximizing group rather 
than pairwise likelihoods. For this analysis, we used an error rate of 0.01, male and female 
polygyny, and a sibship size prior of 1.6, calculated as the average number of offspring per 
family group in our study population. 
For both Cervus and Colony analyses, the set of candidate fathers included all sampled adult 
males plus the oldest subadult male from Group 6 that had dispersed from his natal group in 
the beginning of the study and could have sired offspring by the end of the sampling period. 
The set of candidate mothers included all adult females that shared their mtDNA haplotype 
with candidate offspring. For seven offspring (Supplementary Table S1), the mothers were 
known because they were seen nursing them. To test the reliability of our parentage 
estimates, we ran the analyses twice, with and without the respective set of known mother-
offspring pairs. Combined non-exclusion probability for the set of 16 autosomal loci (with 
chr01b excluded) was 9.9x10-5 for the first parent, 3.4x10-7 for the second parent, and 9.0x10-
12 for the parent pair, calculated using Cervus. 
(2) Relatedness-based mate choice 
To test if titis avoid mating with related individuals, we compared relatedness between real 
and randomly generated mating partners using the pairwise relatedness estimator 
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implemented in STORM (Frasier 2008). First, STORM calculates the relatedness of real mating 
pairs using the estimator of Li (Li et al. 1993), with each locus weighted using the method 
described in (Lynch & Ritland 1999; Van de Casteele et al. 2001). Then, the program calculates 
the expected relatedness of mating pairs if the mating is random with respect to relatedness; 
this is done by generating mating pairs from female and male breeding pools over 1000 
iterations and averaging the relatedness values for each iteration. The obtained distribution 
is then compared to the averaged relatedness of real mating pairs. Our sample included ten 
real mating pairs, and the breeding pool consisted of 12 females and 12 males. This included 
all sampled adults and the oldest subadult male from Group 6. 
(3) Heterozygosity-based mate choice 
To test if titis show any heterozygosity-based mating pattern, we compared individual 
heterozygosity levels between pair mates. To estimate individual heterozygosity, we 
calculated homozygosity by loci (HL), a microsatellite-derived measure that weights the 
contribution of each locus to the homozygosity value depending on their allelic variability, 
implemented in R function GENHET 3.1 (Coulon 2010). To test if HL is correlated between 
pair mates, we used a two-tailed Pearson correlation analysis. 
(4) Dispersal patterns 
To examine if dispersal distances differ between sexes, we compared the diversity of mtDNA 
haplotypes, relatedness, and heterozygosity among adult females and males. MtDNA 
haplotype and nucleotide diversity was calculated and compared using a permutation test 
implemented in R function genetic_diversity_diff 1.0.6 ((Alexander et al. 2016);  available 
from https://github.com/laninsky/genetic_diversity_diffs). We included 12 sampled adult 
females and 12 adult males in this analysis, plus two females that could not be sampled but 
whose haplotypes were inferred from the haplotypes of their offspring (the adult female of 
Group 4, who supposedly had been replaced before the study period, and the adult female of 
Group 9, who was present during the study period but could not be sampled). Relatedness 
among females and among males was calculated using Wang’s estimator r and then compared 
using 1000 bootstrapping samples in Coancestry 1.0.1.9 (Wang 2011). In this analysis, as well 
as in the tests described below, we included 12 sampled adult females and 12 males. 
Individual heterozygosity was calculated using HL estimator (homozygosity by locus, see 
above) and compared between sexes using a paired t-test. 
To evaluate spatial genetic structure, we conducted a spatial autocorrelation analysis 
following Smouse and Peakall (Smouse & Peakall 1999) in PopGenReport 2.2.2 (Adamack & 
Gruber 2014), separately for adult females and males. The analysis calculated the correlation 
coefficient r between pairwise genetic distances, calculated using microsatellite genotypes 
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with the method of Smouse and Peakall (Smouse & Peakall 1999), and pairwise spatial 
distances, for each distance class. The coefficient r is bound between -1 and 1 and has a mean 
of zero when there is no correlation.  As a measure of spatial distances, we used distances 
between centroids of home ranges calculated with ArcGIS Desktop 10.6 (ESRI). These 
distances varied from 215 to 3200 m. 
To further evaluate spatial genetic structure in females, we conducted a test similar to spatial 
autocorrelation analysis using mtDNA haplotype distances, correlating the number of 
nucleotide differences between haplotypes with spatial distances. For this test, if a spatial 
genetic structure is present, a positive correlation between haplotype and spatial distances is 
expected. We used Mantel tests with 10,000 permutations in R package ecodist (Goslee & 
Urban 2007). 
Results  
Are titis genetically monogamous? 
Our analyses did not indicate any cases of EPP. In all cases of assigned paternity (17 offspring 
in 9 social groups, 1 to 5 offspring per group; Fig. 1, Supplementary Table S1), social fathers 
were identified as genetic fathers of all offspring in their respective family groups. In one case, 
paternity remained unassigned. The juvenile male from Group 10 had three mismatches with 
the adult male of the group, and Delta score calculated by Cervus (the difference between the 
likelihood ratios for two most likely candidate parents) was zero, indicating both this male 
and the adult male of Group 8 as most likely fathers. At one of the loci with mismatches 
(chr09a), the juvenile was homozygous, likely resulting from allelic dropout or genotyping 
error, at two other loci (chr07a, chr08a), the juvenile was heterozygous, so we can only 
suggest that it was a result of a genotyping error. Unfortunately, this juvenile had the 
minimum number of typed loci among all the sampled animals and also was the only 
individual in our dataset for whom we only had one fecal sample collected. Therefore, we 
could not control for the errors using another sample like we did for all other individuals. 




Fig. 1. Home ranges, mtDNA haplotypes, and parentage for sampled individuals within study groups. Circles and 
squares with continuous outline represent adult females and males, respectively; smaller circles and squares 
with dotted outline represent female and male offspring, respectively. The colors of circles and squares represent 
different mtDNA haplotypes. Home ranges of study groups were estimated using the 95% fixed kernel density 
method with ArcGIS Desktop 10.6 (ESRI; https://desktop.arcgis.com) (see more details in Methods). The home 
range of Group 14 is depicted as dotted ellipse because we did not have enough GPS data to reliably estimate its 
home range. The home range of Group 11 is depicted as dotted line because this newly established territory was 
most likely not permanent and bound to shift later (see Supplementary Materials for details of the dispersal 
event and Methods for more details on the habitat). The map was created in ArcGIS Desktop 10.6 and modified 
with Inkscape 1.0.1 (https://inkscape.org/). 
 
Apart from the three mismatches in the case of the unassigned paternity, we found only two 
cases of allelic mismatches (Supplementary Table S1). Father-daughter dyad from Group 1 
had a mismatch at locus chr10a. Since the daughter was homozygous at this locus, this was 
most likely a result of allelic dropout or genotyping error. Father-daughter dyad from Group 
9 had a mismatch at locus chrXa; the daughter was not homozygous at this locus but 
considering the high likelihood of parentage given by the other loci, we assumed that this 
mismatch was due to a genotyping error. 
Of eight sampled social mothers, seven were identified as genetic mothers of all offspring in 
their family groups (17 offspring in 7 groups, 1 to 5 offspring per group). One inferred case of 
female replacement was detected, as the adult female of Group 4 was not identified as the 
genetic mother of the group’s juvenile offspring; they did not share the mtDNA haplotype and 
had 11 allelic mismatches. No other female in our sample was identified as the most likely 
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mother for this offspring or shared a mtDNA haplotype with it. The social father of this 
juvenile was indicated as the genetic father. 
All assignments were made with a 95% confidence level in Cervus software and confirmed 
with Colony software (Supplementary Table S1). The assignments did not change when the 
set of known mother-offspring pairs was excluded from the priors. Colony also yielded strong 
support for full-sib relationships between all offspring from the same groups, confirming 
correct parentage assignments. 
Is mate choice based on relatedness or heterozygosity? 
We found no evidence for relatedness-based mate choice. There was no difference between 
relatedness of real mating pairs and randomly generated mating pairs (-0.048 vs. -0.021, p = 
0.565; n = 10 pairs, breeding pool of 12 females and 12 males). Likewise, we found no 
evidence for heterozygosity-based mate choice, as homozygosity by loci (HL) was not 
significantly correlated between pair mates (r = -0.527, n = 10 pairs, p = 0.118). 
Despite the lack of evidence for active inbreeding avoidance via mate choice, relatedness 
(Wang’s r) between mating partners was generally low, averaging -0.033, and none of the pair 
mates shared the same mtDNA haplotype (Supplementary Table 1, Fig. 1). Only in one pair 
were the partners found to be second-degree kin (Group 6, r = 0.285). The mtDNA haplotype 
network (Fig. 2) showed no clear pattern of haplotype similarity between pair mates: some 
had closely related haplotypes (e.g., Groups 4, 5, 9), while others had only distantly related 
haplotypes (e.g., Groups 1, 11). 
Do both sexes disperse and does one sex disperse further than the other? 
Our results indicate that both sexes dispersed similar distances. There were no significant 
differences between adult females and males in mean mtDNA haplotype diversity (0.945 in 
females, 0.924 in males, permutation test p = 0.766), mtDNA nucleotide diversity (0.027 in 
females, 0.029 in males, permutation test p = 0.699), mean relatedness r (-0.013 in females, -
0.056 in males, mean difference -0.040, lying within the 95% confidence interval (-0.048 – 
0.054) obtained by bootstrapping) or mean heterozygosity HL (0.184 in females, 0.216 in 
males, paired t-test p = 0.438). 
We did not find evidence for spatial genetic structure in either sex, suggesting that both sexes 
likely dispersed over varying distances. The correlation between genetic and spatial distances 
was not significant for either sex, as the 95 % CI of autocorrelation r values overlapped zero 
for all distance classes (Supplementary Materials Table 2, Fig. S1). The correlation between 
mtDNA haplotype distances and spatial distances in females was not significant either 
(Mantel correlation = 0.048, n = 91 dyads, right-tailed p = 0.342). 




The link between mating system, mate choice and dispersal has rarely been studied in pair-
living mammals. Here, we demonstrated that coppery titi monkeys in our study population 
are mostly genetic monogamous, as we did not find evidence for EPP.  We also did not find 
evidence for relatedness- or heterozygosity-based mate choice. Despite the absence of 
evidence for active inbreeding avoidance via mate choice, pair mates in our study population 
had low average relatedness. This finding suggests that natal dispersal can generate sufficient 
level of genetic dissimilarity between females and males to render both active inbreeding 
avoidance and EPC less necessary. 
Coppery titis are only the second primate species and the seventh pair-living mammal with 
no evidence of EPP found in a study with an adequate sample size (the study on Bornean 
gibbon was based on just four infants from four family groups (Oka & Takenaka 2001), Table 
1). The absence of EPP in titis is not unexpected, as they are consistently pair-living, pair 
mates spend most of the day within a few meters from each other, sleep together at night and 
engage in frequent joint visual displays and duetting at the territorial borders (Dolotovskaya, 
Walker, et al. 2019; Fernandez-Duque et al. 2013; Kinzey & Wright 1982; Spence-Aizenberg 
et al. 2016; Kinzey & Robinson 1983). This high level of proximity and coordination should 
make mate guarding easy and effective enough to prevent EPC. 
The opportunities to find extra-pair mates are likely limited, too. The home ranges of our 
study groups have very little overlap (mean 1.4% of pairwise overlap between neighboring 
groups (0–4.7), unpublished data; Fig. 1), and to find extra-pair mates, individuals would need 
to intrude into the neighboring home ranges, risking aggression from the same-sex residents. 
Another way to obtain EPC could be mating with floaters, solitary non-territorial individuals 
ranging over a wide area after having dispersed from their natal groups. There is 
accumulating evidence for the importance of floaters in population dynamics of both birds 
and mammals (Penteriani et al. 2011; Fernandez-Duque & Huck 2013). For example, in 
Azara’s owl monkeys who are very similar to titis in all aspects of their social system, mated 
individuals experience intense intra-sexual competition from floaters of both sexes 
(Fernandez-Duque & Huck 2013; Huck & Fernandez-Duque 2012a). However, the evidence 
from Azara’s owl monkeys and many other bird and mammal species indicate that floaters do 
not copulate with the mated animals as often as might be intuitively expected, and EPP are 
attributed to the neighboring individuals in most cases (e.g., (Barelli et al. 2013; Nimje et al. 
2019; Petrie & Kempenaers 1998); but see (Cohas et al. 2006; Kenyon et al. 2011)). In titis, 
only anecdotal reports of replacements by intruders exist (Lawrence 2007; Rodman & 
Bossuyt 2007), but given the difficulty of detecting floaters, it is possible that they are present 
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in titi populations, too. However, given the high levels of proximity and coordination between 
pair mates, EPC with the floaters are probably not easier to obtain than EPC with the 
neighboring individuals. Furthermore, EPC, whether with floaters or neighboring animals, 
might be costly, with the risks including the higher probability of acquiring sexually 
transmitted diseases and, for females, the retaliatory withholding of parental care by males 
(Westneat & Stewart 2003; Poiani & Wilks 2000). 
Opportunities for EPC are also affected by population density, with the lower densities 
making the encounters between individuals and, consequently, EPC less likely (Westneat 
1990). The positive relationship between population density and EPP rates was 
demonstrated, e.g., in Eurasian beavers, Castor fiber, and in many bird species (Brouwer et al. 
2017; Westneat & Sherman 1997; Nimje et al. 2019; Syrůčková et al. 2015). At our study site, 
population density was estimated at 34 individuals/km2 (unpublished data). This lies within 
the average range of values reported from behavioral studies for undisturbed populations of 
titis (26-57 individuals/km2); for comparison, reported population density in forest 
fragments can be as high as 369 individuals/km2 (Bicca-Marques & Heymann 2013; 
Fernandez-Duque et al. 2020; Dacier et al. 2011). The relatively low density at our study site 
likely limited the opportunities for EPC. It should be mentioned, however, that for a 
population of white-tailed titi, Plecturocebus discolor, from undisturbed habitat, a preliminary 
analysis reported three cases of EPP in a sample size of 16 offspring, although these data has 
not been published yet (Van Belle, Martins, et al. 2016). The density of this population (57 
individuals/km2) was slightly higher than that of our study population, the home ranges were 
on average smaller (7.2 vs. 5.0 ha) and the percentage of home range overlap was larger (1.4% 
vs. 4.8%) (Fernandez-Duque et al. 2020), possibly accounting for the occurrence of EPP. 
Although in all cases of assigned paternities the social fathers were identified as genetic 
fathers for the group offspring (17 offspring born in 9 groups, up to 5 offspring generations 
per group), we cannot fully exclude the possibility of a low EPP rate in our study population. 
First, for one juvenile (Group 10), paternity remained unassigned, as neither social father nor 
any other male from our sample was identified as the most likely father. While this case could 
be classified as neither extra- nor intra-pair paternity with confidence, it remains possible 
that this juvenile was sired by an unsampled extra-pair male. In this case, the EPP rate in our 
study population would be 6%. Alternatively (if we assume that the social father is indeed not 
the genetic father of the juvenile), this case could be the result of a male replacement in a 
group. Adult replacements are known to happen in titis, with the breeding positions vacated 
after the disappearance (presumable deaths) of adults being occupied by same-sex 
immigrants (Van Belle, Fernandez-Duque, et al. 2016). Replacements can create groups that 
Chapter 4: Pair bond 
 
 37 
do not consist of biological parents and their offspring, leading to the apparent deviations 
from genetic monogamy even in the absence of EPC. As Group 10 was only habituated shortly 
before the genetic sample collection and no older offspring were present in it, we could not 
reconstruct its demographic history. Our data indicates that adult replacements do happen in 
our study population. The adult female of Group 4 was not identified as the genetic mother of 
the group’s juvenile offspring, while the adult male was indicated as the genetic father. When 
we started following this group, the juvenile was estimated to be 7–8 months old based on its 
body size and the fact that it walked independently (juvenile titis start to walk on their own 
most of the time at the age of ca. 4.5 months (Jantschke et al. 1995)). Lactation in titis lasts ca. 
6.5 months (Valeggia et al. 1999), and we did not see the female nursing. Therefore, we 
assume that the female replacement must have happened within ca. 2 months before we 
started following the groups, after the juvenile had been weaned. 
Second, for the sample size of 17 offspring, an upper limit of 95% confidence interval of EPP 
level (maximum possible EPP level for a given sample size, assuming no EPP has been found) 
will be 16.2%. This value is calculated following Brotherton et al. (Brotherton et al. 1997) as 
1–(1–x)n = y, where x is the maximum possible EPP level, n is the sample size (17), and y is 
the probability of producing at least one extra-pair offspring (0.95 for 95% confidence). The 
value of 16.2% is a product of the sample size and does imply that there is 16.2% EPP rate in 
our study population. To narrow down the confidence interval to at least 5% of EPP, we would 
need a sample size of 58 offspring, which is difficult to achieve in a reasonable period in a 
secretive arboreal primate with slow life history, living in pairs and giving singleton births 
only once a year. 
Contrary to our predictions, we did not find evidence for relatedness- or heterozygosity-
based mate choice in our study population. Interestingly, despite the absence of evidence for 
active inbreeding avoidance via mate choice, the pair mates in our study population were on 
average not related (mean Wang’s r = -0.033) and never shared the same mtDNA haplotype 
(Supplementary Table S1, Fig. 2). Only in one case the pair mates were second-degree kin 
with r = 0.285. Low relatedness between mating partners in the absence of active inbreeding 
avoidance was demonstrated in many other populations of mammals and birds, e.g., grey 
wolves, Canis lupus, arctic foxes, Vulpes lagopus, great reed warblers, and blue tits (Hansson 
et al. 2007; Foerster et al. 2006; Geffen et al. 2011). In fact, active inbreeding avoidance via 
mate choice, although demonstrated in some birds and mammals (e.g., (Hoffman et al. 2007; 
Leedale et al. 2020)), has not been found in most pair-living species (García-Navas et al. 2009; 
Schwensow et al. 2008; Hansson et al. 2007; Sommer 2005); reviewed in (Jamieson et al. 
2009). It has been suggested that in most situations, dispersal may be sufficient to avoid 
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inbreeding (Hansson et al. 2007). By disrupting close-kin associations, dispersal can make the 
probability of encountering close kin relatively low, rendering active inbreeding avoidance 
via mate choice unnecessary (Jamieson et al. 2009). In such cases, kin discrimination 
mechanisms might fail to evolve, and low inbreeding levels that will occasionally occur in such 
systems will be tolerated (Jamieson et al. 2009). 
 
 
Fig. 2. Home ranges, relatedness and mtDNA haplotypes of adult females (circles) and males (squares) sampled 
in this study. Home ranges of study groups were estimated using the 95% fixed kernel density method with 
ArcGIS Desktop 10.6 (ESRI; https://desktop.arcgis.com) (see more details in Methods). Relatedness between pair 
mates (Wang’s relatedness coefficient r) is specified for each sampled pair next to the group number. Solid lines 
connect individuals with Wang’s r > 0.487 (mean r for simulated parent-offspring dyads), dashed lines connect 
individuals with Wang’s r > 0.247 (mean r for simulated half-offspring dyads), individuals with lower r are not 
connected. The map was created in ArcGIS Desktop 10.6 (ESRI) and modified with Inkscape 1.0.1 
(https://inkscape.org/). 
 
In our study population, dispersal was most likely not sex-biased. This was indicated by the 
absence of spatial genetic structure in either sex and the lack of obvious geographic clustering 
in the mtDNA haplotype network (Fig. 2, 3). We found no evidence that dispersal distances 
differed between sexes, as both mtDNA haplotype diversity and mean relatedness were 
similar in females and males, suggesting that both sexes migrated opportunistically over 
varying distances. 
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As geographic scale of our study was confined, with the maximum distance between home-
range centers of only 3200 m, these results should be treated as preliminary. However, they 
are in line with the direct observation of dispersal and the kin structure of the study 
population. In one directly observed case of dispersal, a subadult male (the oldest offspring 
of Group 1), moved to an unoccupied area adjacent to his natal group and later formed a pair 
(Group 11) with an unknown female (see Supplementary Materials for more details). The 
female did not have any close relatives among the sampled animals, indicating that she, unlike 
her mate, had not dispersed from any of the neighboring groups. The closest relative of this 
female was the adult male of Group 4 with r = 0.156 (corresponding to a relatedness level 
between unrelated and half-sibling), with whom she also shared the same mtDNA haplotype 
(Supplementary Table S1). Patterns of relatedness between sampled adults (Fig. 1) further 
suggested that while some dispersers stay in the area (indicated by closely related individuals 
occupying home ranges that are either adjacent or separated by 1–2 home ranges), others 
migrate further (as many individuals in the study area have low relatedness). Overall, the 
absence of evidence for sex bias in dispersal is consistent with the theoretical expectations 
for the pair-living territorial species, where sexes should experience similar competition for 
mates and similarly low chances of breeding in acquiring breeding positions in their natal 
groups (Dobson 1982).  
 
Fig. 3. A median joining network of all mtDNA haplotypes found in our study groups, constructed in PopART 
(Leigh & Bryant 2015). The number of hatch marks indicates the number of mutations. Black nodes indicate 
inferred median vectors. The colors representing mtDNA haplotypes match those used in Fig. 1, 2. 
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Our findings on dispersal and mating patterns, although preliminary, are in line with the 
evidence from other studies indicating that even opportunistic, not sex-biased dispersal can 
be sufficient to prevent inbreeding, as long as it is unconstrained by habitat fragmentation or 
other factors. The importance of unconstrained dispersal for inbreeding avoidance was 
supported in a simulation study based on empirical dataset from golden-crowned sifakas, 
Propithecus tattersalli, showing that high levels of outbreeding can be maintained in a 
population by a combination of social structure and unconstrained dispersal but without the 
need for active inbreeding avoidance mechanisms (Parreira et al. 2020). The link between 
dispersal and inbreeding risk was further indicated by studies demonstrating a correlation 
between dispersal distances and inbreeding level (e.g., in great tits, Parus major (Szulkin & 
Sheldon 2008)). At our study site, the habitat was undisturbed, and dispersal was most likely 
unconstrained, ensuring passive inbreeding avoidance. As indicated by one case where pair 
mates were related on the level of second-degree kin, occasional inbreeding can still occur in 
such populations and is presumably tolerated.  
In addition to dispersal and preferential mating with unrelated individuals, another way to 
avoid inbreeding is through engaging in EPC. Positive relationship between EPP rates and 
pair mate relatedness was demonstrated in many bird species (Jennions & Petrie 2000; 
Foerster et al. 2003; Arct et al. 2015). However, pair-living mammals do not seem to use this 
strategy often, possibly because mammals are less mobile than birds and it might be harder 
for them to quickly evade their social mate and sneak EPC. In pair-living mammals, a similar 
strategy was, to our knowledge, only demonstrated in one species, fat-tailed dwarf lemur, 
where females sharing more MHC-supertypes with their social partner were shown to 
engaged in more EPC (Schwensow et al. 2008). In our study population, the absence of 
evidence for EPP further confirms our suggestion that dispersal in this habitat is 
unconstrained and the potential for inbreeding is low, rendering EPC unnecessary. 
Summing up, the current study is the first to examine the link between mating system, mate 
choice and dispersal in a wild population of a pair-living primate. We showed that coppery 
titis in our study population are mostly genetically monogamous. This is likely due to a strong 
pair bond enabling effective mate guarding and relatively low population density limiting the 
opportunities for extra-pair copulations. We further showed that coppery titis, despite 
exhibiting no active inbreeding avoidance via mate choice, still had low relatedness between 
pair mates. Our results suggest that even opportunistic dispersal, as long as it is not 
constrained, can create sufficient genetic dissimilarity between opposite sexes to render 
active mate choice and extra-pair copulations less necessary. Alternatively, the absence of 
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relatedness-based mate choice could be a result of constraints on mate choice, where 
individuals have so few available mates that they cannot afford to be too selective. 
Future studies with larger sample size will be needed to examine the extent of genetic 
monogamy in this study population, as well as other populations of coppery titis and to 
further investigate dispersal patterns. In particular, to examine if titis indeed lack the 
mechanisms for active inbreeding avoidance via kin discrimination, it will be necessary to 
compare mating patterns and levels of inbreeding in undisturbed vs. fragmented habitats. 
Additionally, the absence of relatedness- and heterozygosity-based mate choice in our study 
population, of course, does not mean that mate choice does not occur in titis at any level. To 
better understand mating patterns in titis, future studies will have to examine if mate choice 
is based on other factors, such as, e.g., variation in MHC loci, body condition or the size or 
quality of the territory. Finally, current data do not allow to conclude whether extra-pair 
paternity is absent (or rare) in this study population because extra-pair copulations are not 
advantageous to individuals or because socio-ecological constrains prevent them from 
engaging in extra-pair copulations. To address this question, future studies on larger samples 
would need to compare genetic quality and fitness of group vs. extra-pair offspring (should 
there be any) in this or other population of titi monkeys.
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Pair living and pair bonding are rare in mammals, and the mechanisms of their maintenance 
remain a puzzle. Titi monkeys, a “textbook example” for “monogamous” primates, have strong 
pair bonds and extensive male care. To investigate mechanisms of pair-bond maintenance, 
we studied seven wild groups of red titis (Plecturocebus cupreus) in Peruvian Amazonia over 
a period of 14 months. We analysed pair bonds by measuring proximity, grooming, and 
approaches/leaves within pairs and collected data on intergroup encounters. Females 
contributed to grooming more than males, especially during infant dependency, when most 
of the grooming within pairs was done by females. Females were also more active in 
controlling proximity between pair mates, making most of the approaches and leaves. Males, 
on the other hand, invested more in territorial defenses. They participated in more intergroup 
encounters than females and were more active during these encounters. Our data is most 
consistent with the “male-services” hypothesis for pair-bond maintenance, where a female 
contributes more to the proximity and affiliation maintenance while a male provides 
beneficial services. 
Introduction 
Pair living, or social monogamy, is rare in mammals (3–9%: Kleiman 1977; Lukas & Clutton-
Brock 2013) and still remains an evolutionary puzzle. In contrast to birds, where pair living 
and biparental care are very common (90%: Lack 1968), gestation and lactation in mammals 
restricts offspring nourishment to females, resulting in a highly skewed parental investment. 
Males are thus expected to increase their reproductive success through mating with multiple 
females rather than increasing their parental investment and remaining with a single female 
(Orians 1969; Trivers 1972). 
Another mystery is why in some pair-living species adult males and females form pair bonds. 
Although the terms “pair bonding” and “pair living” are often used interchangeably, here we 
will consider them as separate components of a social system (Kappeler & van Schaik 2002; 
Tecot et al. 2016). We define pair living as a type of social organization where two opposite-
sex adults share a home range or territory (“two-adult groups”:  Gowaty 1996; Kappeler & 
van Schaik 2002; Fuentes 1999), and pair bonding as a type of social structure where adult 
male and female form a long-term (i.e., extending beyond one breeding season) affiliative 
relationship (Hinde 1983; Fuentes 2002). Pair living does not imply pair bonding but is often 
associated with it. 
Pair bonds can be difficult to quantify for two reasons. First, pair-bond strength varies a lot 
between pair-living species (van Schaik & Kappeler 2003). Some species form “dispersed” 
pairs: a male and a female share a common territory, but do not often interact and forage or 
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sleep independently (e.g., maned wolves, Chrysocyon brachyurus: Dietz 2011; red-tailed 
sportive lemurs, Lepilemur ruficaudatus: Hilgartner et al. 2012; fork-marked lemurs, Phaner 
furcifer: Schülke & Kappeler 2003). In other species, a male and a female are almost 
permanently associated (e.g., Kirk’s dik-dik, Madoqua kirkii: Brotherton et al. 1997; Azara’s 
night monkey, Aotus azarae: Huck et al. 2014). Second, in species forming two-adult groups, 
in contrast to multimale-multifemale groups with identifiable heterosexual dyads, pair 
bonding can be confounded with pair living (Fuentes 2002). To quantify pair bonds and tease 
it apart  from pair living, a set of “diagnostic criteria” has been proposed: spatial relationship 
between pair mates, partner-specific behaviours and signs of distress during separation from 
the pair mate (Anzenberger 1992). These behaviours, in turn, can be assessed by rates of 
affiliative interaction, proximity scores, and measures of reciprocity between pair mates 
(Fuentes 2000). 
Yet another difficulty with quantifying pair bonds is that the exact set of behaviours included 
in the concept of pair bond can depend on the definition used. In a narrow sense, often used 
in the zoological literature, the pair bond is assessed by rates and the degree of symmetry of 
proximity and affiliation between pair mates (Hinde 1983; Fuentes 2002, 2000). When used 
in a broader sense, pair bond can also include territorial behaviours such as mate guarding or 
assistance in resource defense or infant care (Fuentes 2002). It is not easy to disentangle 
different functions of territorial behaviours, some of which (e.g., mate guarding) might be 
related to the pair-bond maintenance while others (e.g., interest in extra-pair mates) might 
not. Moreover, neither territorial behaviours nor allomaternal care imply the existence of pair 
bonds, since both can be present in species without pair bonding or pair living (e.g., mate 
guarding in red-tailed sportive lemurs living in “dispersed” pairs: Hilgartner et al. 2012) or 
male care in group-living Barbary macaques, Macaca sylvanus (Small 1990). However, in the 
literature on pair bonds it is quite common to include all these behaviours in the set of pair-
bond maintenance behaviours, especially when they occur in already established pairs (e.g.,  
Small 1990; Fernandez-Duque et al. 1997). 
There are many hypotheses to explain the evolution and maintenance of pair living and/or 
pair bonding in mammals (see, e.g., Opie et al. 2013; Lukas & Clutton-Brock 2013; Klug 2018; 
Tecot et al. 2016; Fuentes 2002). Here we discuss these hypotheses with the regard to the 
pair bonding and focus on the explanations they suggest for its maintenance, rather than the 
evolutionary origins. We differentiate these hypotheses according to whether pair bonding 
provides benefits to only one or to both sexes and outline predictions they make regarding 
the female and male contributions to the pair bond. 
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(1) The “resource-defense hypothesis”: both a male and a female benefit from pair bonding 
to defend resources together (van Schaik & Dunbar 1990). Under this hypothesis, a male and 
a female are expected to be equally interested both in maintaining proximity and affiliation 
with a pair mate and defending their territory. 
(2) The “mate-defense hypothesis”: bonding with a female is beneficial for a male when either 
the spatial distribution of females or the temporal distribution of fertile periods make it 
difficult for the males to defend access to more than one female at a time (Emlen & Oring 
1977). This hypothesis suggests that a male should be more interested in maintaining 
proximity and affiliation with a pair mate. Both sexes can contribute to the territorial defense, 
but for different reasons: while a male is expected to defend exclusive access to a female, a 
female can defend resources. 
(3) The “male-services hypothesis”: a female benefits from bonding with a male when the 
male provides some important services such as territorial or antipredator defense, infant care 
or protection from infanticide by competing males (van Schaik & Dunbar 1990; Palombit 
2000; Opie et al. 2013). Under this scenario, a female is expected to be more interested in 
maintaining proximity and affiliation with a pair mate while a male is expected to provide 
some significant services. This hypothesis does not make any assumptions about the 
territorial defense: while a male can invest in territorial defense to protect resources or 
infants, a female can participate in territorial defense as a form of mate guarding or to protect 
resources.  
Neotropical titi monkeys (previously Callicebus; split into Callicebus, Plecturocebus, and 
Cheracebus: Byrne et al. 2016) are an excellent model to study the mechanisms of pair-bond 
maintenance. A textbook example of a “monogamous” primate, titis form long-term pair 
bonds (at least up to 12 years, as shown in 12-year study of wild population of Plecturocebus 
discolor (previously Callicebus discolor), the longest dataset available so far; (Van Belle, 
Fernandez-Duque, et al. 2016; Fernandez-Duque et al. 2013; Mason 1966; Kinzey 1981). Titis 
live in groups comprising one reproductive pair and one to three offspring (Fernandez-Duque 
et al. 2013; Kinzey 1981; Kinzey & Robinson 1983; Bicca-Marques & Heymann 2013). Pair 
bonds between adult males and females exhibit all “diagnostic” characteristics mentioned 
above: spatial cohesiveness between pair mates, partner-specific behaviours (male-female 
duets), signs of distress during separation and strong preference for pair mates over 
strangers of either sex (Anzenberger 1988; Mason 1975; Mendoza & Mason 1986). Adult male 
titis contribute heavily to infant care: the infant is carried almost exclusively by the social 
father and is returned to the mother only to suckle; males also play with offspring and share 
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food with them more often than females (Wright 1984; Kinzey & Wright 1982; Spence-
Aizenberg et al. 2016; Kinzey 1981).  
The goal of our study was to examine the mechanisms of pair-bond maintenance in titis. 
Specifically, we wanted to assess (1) which factors affect rates of proximity and affiliation 
between pair mates; (2) which sex contributes more to the proximity and affiliation 
maintenance; (3) which sex contributes more to the territorial defense. We examined 
grooming and proximity patterns within pairs and collected data on male and female 
participation in territorial defense in seven wild groups of red titis (Plecturocebus cupreus) in 
the Peruvian Amazon. We compare our results to the data from other pair-bonded mammals 
and discuss our findings in the broader context of evolution and maintenance of pair-bonding 
in mammals. 
Methods 
Study site and animals 
The study was conducted at the Estación Biológica Quebrada Blanco (EBQB) in the north-
eastern Peruvian Amazon (4°21’S73°09’W). We studied seven habituated titi groups in June-
December 2017 and 2018. Group 1 had been habituated since 1997; the other groups were 
habituated during this study. On average, it took 6 (3-10) weeks to habituate a group. We 
began data collection only after the animals were fully habituated. We individually identified 
all the study animals based on the combination of body size, tail shape and colouration, and 
genital size and shape. During the study period, infants were born in 5 groups. Birthdates and 
the composition of study groups is provided in the electronic supplementary material, table 
S1. We defined infant dependency as the period until an infant was not carried by a male 
during group travel (at the age of ca. 4.5 months: Fragaszy et al. 1982; Wright 1984). This also 
encompasses the period of most active lactation, as weaning begins when the infants are ca. 
4.5 months old (Fragaszy et al. 1982). 
Data collection 
We followed each group in blocks of 5–6 days with the help of trained field assistants. In 
between periods of data collection, we monitored each group for 1-2 days a month for 
possible changes in group membership. We followed titis from the early morning when the 
animals left a sleeping site (or from when we located the group) until the late afternoon when 
the animals retired to a sleeping site (or until we lost them). 
We used continuous focal animal sampling for the adult male and female of each group. We 
separated the focal samples on any given animal either by a focal sample of another animal or 
by, at least, a 10-min period. As focal animals were visible for variable periods of time, 
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sampling periods varied from 3 min to 2 h. If the focal animal was out of view for more than 
2 min, we terminated the observation. We discarded any samples where the focal animal was 
visible for less than 50% of time. We recorded social interactions (resting in body contact, 
active/passive grooming, and duetting; based on ethograms provided by Kinzey, 1981), the 
distance, and events of approaches and leaves (within 1 m) between pair mates. 
We also recorded intergroup encounters scored when individuals of the study groups had 
visual contact with another group and responded to its presence by calling and/or chasing (in 
the wild, titis very rarely engage in direct physical attacks or fighting during the encounters, 
even though this has been occasionally observed in captivity: Wright 1984, 2013; Robinson 
1979; Mason 1966). We considered two encounters to be independent when all participants 
stopped calling and chasing for more than 30 min. We recorded the time, location, identities 
of participating groups and individuals, and the activities of participants (calling, chasing). 
Participation was scored when an individual was either calling, chasing, or both. If in the 
beginning of an intergroup encounter an individual called alone and/or moved alone towards 
another group, we scored this individual as the initiator of the encounter. 
Statistical analyses 
To characterize rates of proximity and affiliation between pair mates, we calculated daily 
proportions of time pair mates spent in close proximity (1 m), including time spent in 
affiliative interactions (resting and in body contact and grooming) for each pair. 
Factors affecting rates of affiliation and proximity between pair mates 
To examine which factors affect rates of proximity and affiliation between pair mates, we used 
a Generalized Linear Mixed Model (GLMM) (Baayen 2008) with beta error structure and logit 
link function. We used the presence of dependent infant (hereafter “infant presence”), group 
size, and season as fixed effects and group ID as a random effect. As a measure of seasonality, 
we used rainfall data (monthly averages in mm at Tamshiyacu (4°00’10.7”S 73°09’38.2”W), 
ca. 40 km from EBQB, available at https://www.worldweatheronline.com). We compressed 
the response to avoid zeros and ones using y’ = (y*(n-1) + 0.5)/n, where n is the sample size 
(Smithson & Verkuilen 2006). To achieve an approximately symmetrical distribution, we 
further square root-transformed the response. We z-transformed group size and rainfall 
(Schielzeth 2010). To reduce the probability of Type I Error (Barr et al. 2013) we included the 
random slope of rainfall within group and its correlation with the intercept. We tested the 
overall effect of infant presence, group size, and season using a full-null model comparison 
based on a likelihood ratio test (Dobson et al. 2008; Forstmeier & Schielzeth 2011). The null 
model lacked the fixed effects but was otherwise identical to the full model. We tested the 
fixed effects using likelihood ratio tests comparing the full model with reduced models 
Chapter 4: Pair bond 
 
 48 
excluding each of the effects one at a time (Barr et al. 2013). To assess model stability, we 
compared the full model estimates with those obtained from models with the levels of the 
random effects excluded one at a time. The sample had 269 daily proportion values, taken 
from 7 pairs. 
Grooming reciprocity 
To assess grooming reciprocity between pair mates, we first calculated the grooming 




where Gfm is the amount of time that the female groomed the male and Gmf is the amount of 
time that the male groomed the female. The index ranges from -1 to 1; values closer to 1 
indicate that a female grooms a male more than vice versa. 
To further examine if grooming reciprocity is affected by infant presence, we used a GLMM 
with daily proportion of time a female groomed a male of the total grooming time between 
pair mates as a response. We compressed the response using the formula provided above 
(Smithson & Verkuilen 2006). The model design, including predictor transformations, was 
identical to that of the model described above, except for the correlation between the random 
slope and the random intercept being unidentifiable (as indicated by absolute values of 1) and 
thus excluded from the model. The null model used for full-null model comparison lacked the 
effect of infant presence. The sample had 103 daily proportion values, taken from 7 pairs. 
Both models were fitted in R (version 3.5.3; R Core Team 2018) using the package glmmTMB 
(version 0.2.3; Brooks et al. 2017). To check for collinearity between predictors, we 
determined Variance Inflation Factors (Quinn & Keough 2002) with the function vif of the 
package car (version 3.0.2; Fox & Weisberg 2011). To assess model stability, we used a 
function kindly provided by Roger Mundry. 
Proximity maintenance 
To assess which individual was more responsible for maintaining proximity between pair 








where Af is the number of female approaches, Am is the number of male approaches, Lf is the 
number of female leaves, and Lm is the number of male leaves. The index ranges from -100 to 
+100; high values indicate that proximity is mainly maintained by a female. 
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However, values of the Hinde index are difficult to interpret, since they do not indicate which 
individual makes most approaches and leaves, and different proximity patterns can thus 
result in the same values (a value of 0 can occur because female made equal number of 
approaches and leaves or because male made all approaches and leaves). To assess which 
individual is more active in maintaining proximity (makes more approaches and leaves), we 
calculated the Brown’s index (Brown 2001) using the same arguments: 
100 ∗
𝐴𝑓 + 𝐿𝑓
𝐴𝑓 + 𝐴𝑚 + 𝐿𝑓 + 𝐿𝑚
 
 
The index ranges from 0 to 100; high values indicate that a female makes most approaches 
and leaves. 
Results 
Factors affecting rates of proximity and affiliation between pair mates 
Infant presence and group size had a clear impact on rates of proximity and affiliation 
between pair mates (full-null model comparison χ2=18.348, df=3, P<0.001). Specifically, pair 
mates spent less time in close proximity after infant birth (χ2= 16.524, df=1, P<0.001), and in 
larger groups pair mates spent less time in proximity than in smaller groups, although this 
effect was borderline significant (χ2=3.759, df=1, P=0.053). Rainfall had no significant effect 
(χ2= 0.266, df=1, P= 0.610) (supplementary material table S2; fig. 1). 
 
Fig 1. Daily proportion of time pair mates spent in close proximity as a function of group size, separately for the 
absence and presence of infant. The lines depict the fitted model (based on rainfall at its average), and grey and 
red areas show corresponding 95% confidence intervals. 
 
Grooming reciprocity 
Overall, females groomed males more than vice versa, as indicated by the values of the 
grooming index closer to 1 (table 1). Grooming reciprocity between pair mates was further 
affected by infant presence (fig. 2). While grooming was almost reciprocal before infant birth, 
females groomed males more than vice versa after infant birth (GLMM; likelihood ratio test 
comparing full and null model: χ2= 15.403, df=1, P<0.001). 
no infant
with infant




Fig. 2. (a) Proportions of female investment in grooming within pairs, before vs. after infant birth. For visual 
clarity proportion was binned into 10 sections. The area of the dots corresponds to the respective number of 
observations (0 to 18 per bin). Boxes depict median and lower and upper quartiles. (b) Mean daily proportion of 
time spent grooming within pairs, before vs. after infant birth. 
Proximity maintenance 
Females were more active in maintaining proximity, making the majority of both approaches 
and leaves within pairs as indicated by Brown’s index and proportion of female approaches 
(table 1). The values of Hinde index provided mixed results, indicating females to be more 
responsible for maintaining proximity in some pairs and males to be more responsible in 
other pairs; overall, however, the values were not substantially different from 0 (on a scale 
from -100 to +100). To exclude the possibility that primarily female activity in maintaining 
proximity was caused by a lactating female addressing an infant carried by a male and not the 
male itself, we further calculated Brown’s index separately for periods with and without 
dependent infants; values for both periods were still higher than 50.0, indicating that females 
were more active in the relationships regardless the infant presence. 
Table 1. Grooming, Hinde and Brown’s indexes and proportion of female approaches from the total number 
of approaches within pairs.  
Group Grooming 
index 
Hinde index Brown’s index 1 Proportion of female 
approaches 
1 0.92 -16.78 62.59 (76.90/59.29) 0.56 
2 0.96 -20.84 60.91 (50.85/72.55) 0.54 
3 0.71 -30.00 63.64 (63.64/2) 0.50 
4 0.74 14.10 68.46 3 0.74 
5 0.99 8.97 65.91 3 0.69 
6 0.99 6.67 64.29 (100.00/58.33) 0.67 
7 0.76 -4.17 64.71 (64.29/66.67) 0.63 
Mean 0.87 -6.01 64.36 0.62 
1 Overall index with separate values for the periods with and without dependent infants, respectively, in 
parenthesis 
2 Insufficient data to calculate the index 
3 Groups only observed in the absence of dependent infants 




Of 21 observed intergroup encounters, 9 were initiated by a male and 12 did not have a clear 
initiator (for the full account of the encounters see the supplementary material, table S3). We 
never observed a female initiating an encounter. Males participated in all encounters, while 
females participated in 19 encounters. Males were more active during the encounters: in all 
16 encounters for which the chasing data could be collected, males were both calling and 
chasing. In contrast, females mainly just called (16 encounters) and only chased during 2 
encounters. We never observed a female chasing unless her mate was chasing, too. 
Discussion 
Overall, rates of proximity and affiliation between pair mates in red titi monkeys were 
affected by the presence of dependent infants and group size. After infant birth, pair mates 
spent less time in close proximity. A similar effect of infant presence was also demonstrated 
in a field study on P. discolor (Spence-Aizenberg et al. 2016). The decrease in time pair mates 
spend in proximity after infant birth is likely related to energetic costs of infant care that are 
high both for lactating females and carrying males (Altmann & Samuels 1992) or to the fact 
that males, while spending substantial amount of time socializing with infants (Wright 1984; 
Kinzey & Wright 1982; Spence-Aizenberg et al. 2016; Kinzey 1981), have less time available 
for their pair mates. Similarly, in larger family groups, i.e. those including juvenile and 
subadult offspring, with more potential social partners pair mates spent slightly less time in 
proximity than in smaller groups. 
Females and males contributed differently to the pair bond maintenance. Females 
contributed more than males to proximity and affiliation maintenance. First, they groomed 
males more than vice versa, especially during the period of infant dependency. Second, 
females were more active in controlling proximity, making the majority of approaches and 
leaves within pairs as indicated by Brown’s index and proportion of female approaches, 
suggesting more female initiative and “interest” in proximity. Males, on the other hand, 
contributed more than females to the territorial defense: they participated in more 
intergroup encounters and were more active during these encounters. 
Primarily female contribution to the proximity and affiliation maintenance was demonstrated 
in most of the field studies on other titi species: in Plecturocebus toppini (previously Callicebus 
brunneus, Lawrence 2007), Cheracebus torquatus (Kinzey & Wright 1982), and P. discolor 
(Porter 2016), females groomed males more than the reverse (although in one study on P. 
discolor grooming was reciprocal: Spence-Aizenberg et al. 2016). In captive Plecturocebus 
cupreus (previously Callicebus moloch), females were more attached to males than vice versa: 
they spent more time than males close to experimental partitions physically separating pair 
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mates (Anzenberger 1988), preferred a pair mate to an empty cage or a stranger male more 
often than males did (Cubicciotti & Mason 1978), and were more reluctant than males to 
interact with opposite-sex strangers (Fernandez-Duque et al. 1997). Approach rates and the 
Hinde index provided mixed results in titis: while in our study females approached males 
more often in all pairs, it was true only for some pairs in P. toppini (Lawrence 2007), and 
males approached more often in P. discolor (Fernandez-Duque et al. 2013). The Hinde index 
indicated neither sex to be more responsible for maintaining proximity in our study and in P. 
toppini (Lawrence 2007), but showed males to be more responsible in P. discolor (although 
the bias was not very pronounced, as indicated by low index values: 18 and 25, respectively: 
Lawrence 2007; Spence-Aizenberg et al. 2016). Unfortunately, none of these studies 
calculated the Brown index, and the difficulty of interpreting the values of Hinde index (see 
Methods) does not allow to assess which sex was more active in the relationship. 
Primarily male contribution to the territorial defense is consistent with other titi studies. In 
P. discolor and P. toppini, males participated in more intergroup encounters than females, 
initiated them more often and called and chased more during the encounters (Lawrence 
2007; Robinson 1981; Wright 1984, 2013).  In P. discolor, males initiated the duetting near 
group boundaries more often than females, and responded stronger (i.e., initiated response 
duetting more often) than females to the simulated duets in playback experiments, indicating 
more active male involvement in the boundary reinforcement (Robinson 1981). In captive 
Plecturocebus cupreus (previously Callicebus moloch), males show more agitation and distress 
than females in the presence of intruders of both sexes (Mendoza & Mason 1986; Fernandez-
Duque et al. 1997; Cubicciotti & Mason 1978; Fernandez-Duque et al. 2000). 
Our observations, together with data on other titi species, are most consistent with the “male-
services” hypothesis that predicts that a female would show more initiative and “interest” in 
maintaining proximity and affiliation with a pair mate in exchange for some important 
services provided by a male. This hypothesis is further supported by a fact that grooming 
between partners was more heavily skewed towards female investment during the period of 
infant dependency, when male services are most needed. While males reduced the amount of 
grooming directed at females after infant birth, females conserved the amount of time they 
groomed males, suggesting the importance of maintaining proximity and affiliation with pair 
mates for the females. So which services does a male provide? 
First, male titis provide extensive infant care, releasing the lactating females of all the costs of 
infant carrying, sharing food and socializing with them. Second, they provide anti-predator 
defense: both in our study groups (Dolotovskaya, Flores Amasifuen, et al. 2019) and in P. 
discolor , males were more active during encounters with predators. Although sex differences 
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in vigilance have not been quantified for titis yet, both in our study (unpublished data) and in 
P. toppini (Lawrence 2007) males appeared to be more vigilant than females. By providing 
anti-predator defense, a male allows a female to focus on foraging (van Schaik & Dunbar 
1990). Interestingly, in P. discolor males demonstrated active anti-predator behaviours only 
in the presence of infants (De Luna et al. 2010). 
Finally, males provide territorial defense. The function of this behaviour is likely mixed and 
can represent resource defense, mate defense, or both. Playback studies trying to tease apart 
these two functions of territorial defense provided somewhat more support for resource 
defense. In P. toppini, males reacted stronger to playbacks in the high-used versus low-used 
parts of the home range (Lawrence 2007). In P. discolor (Robinson 1981) and Callicebus 
nigrifrons (De Luna et al. 2010), males did not react stronger to playbacks of male solos than 
to playbacks of duets. Finally, in C. nigrifrons, pairs were not duetting more often during the 
periods of likely female fertility (Caselli et al. 2014). Mate defense received only weak support 
in P. toppini: males reacted stronger when duets were played closer to their mates (Lawrence 
2007). In captive P. cupreus, however, males clearly demonstrated mate-guarding behaviour: 
they showed increased attraction to a pair mate and agonism towards a male intruder as a 
function of increasing proximity between the pair mate and the intruder (Cubicciotti & Mason 
1978; Fernandez-Duque et al. 2000). 
It is likely that participation in the intergroup encounters serves both for resource and mate 
defense, as these functions are not mutually exclusive. Territorial defense ensures exclusive 
use of space, which in turn allows exclusive access to both resources and mates (Hall 2004). 
In this respect, it should be noted that females participated in most (19 of 21) intergroup 
encounters together with males, even if they were not as active as males and, unlike males, 
almost never chased the animals from the neighbouring group. Female participation in 
encounters provides some support for the “resource-defense” hypothesis where both sexes 
defend their territory together. However, more active male participation in territorial defense 
together with more pronounced female contribution to the proximity and affiliation 
maintenance provide arguments in favour of the “male-services” hypothesis. 
Another likely reason for the males to participate in the intergroup encounters represents the 
other side of the mate defense: an interest in extra-pair mates. This possibility cannot be ruled 
out neither for males nor females. There is one report on extra-pair copulations in titis (Mason 
1966) and several reports on mate displacements (Lawrence 2007; Bossuyt 2002). In the field 
(Lawrence 2007; Robinson 1981) and captive (Anzenberger 1988; Cubicciotti & Mason 1978) 
studies, both sexes demonstrated mate-guarding behavior (e.g., responded stronger to the 
same-sex playback calls than to opposite-sex calls), although males to a greater extent. Pair 
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mates were also more affiliative during the intergroup encounters in P. toppini and P. discolor 
(Lawrence 2007; Robinson 1981), a behavior likely enabling both sexes to guard their 
partners from potential extra-pair mates. 
Comparison with other pair-bonded mammals suggests an association between the intensity 
of male care for infants and the pattern on pair-bond maintenance (table 2). Generally, the 
more intense male care is, the more a female contributes to the maintenance of proximity and 
affiliation with a male. While in species with no male care males are primarily responsible for 
proximity and affiliation maintenance, in species with moderate or intense male care females 
contribute to proximity and affiliation maintenance equally or more than males. The only 
exception is sakis, where females contribute to proximity and affiliation maintenance more 
than males despite the complete absence of male care. However, it has been shown that male 
sakis contribute more than females to territorial and anti-predator defense, especially during 
the infant  dependency (Thompson & Norconk 2011; De Luna et al. 2010), possibly providing 
indirect benefits to females. Interestingly, like in our study, the skew towards female 
contribution to proximity and affiliation maintenance was more pronounced during the 
period of infant dependency (Thompson & Norconk 2011). This might indicate a female’s 
increased value of male services during the period when these services are most needed. Male 
care has been suggested as a driver for the evolution of pair living and pair bonding (Kleiman 
1977; Lack 1968). And although recent phylogenetic analyses across mammals suggest that 
male care is more likely a consequence of pair living than a cause (Lukas & Clutton-Brock 
2013; Opie et al. 2013), it seems to be an important factor affecting the mechanisms of pair-
bond maintenance. 
In sum, our study demonstrates that in red titi monkeys, females contribute more to 
proximity and affiliation maintenance, while males contribute more to territorial defense and 
infant care. Our data is most consistent with the “male-services” hypothesis for pair-bond 
maintenance, where a male provides services beneficial for a female, who, in turn, shows 
more initiative and ‘interest’ in maintaining proximity and affiliation with a male. To a lesser 
extent, our findings also provide some support for the “resource-defense” hypothesis, where 
both pair mates jointly defend their territory. Comparisons with other pair-bonded mammals 
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Table 2. Intensity of male care and sex investment in the proximity and affiliation maintenance for pair-
bonded mammals based on data from field studies. Male care: N = no care, M = moderate care, I = intense 
care (following classification criteria in Huck et al. 2014).  
Species Male 
care 
Which sex contributes 





Madoqua kirkii  
(Kirk’s dik-dik) 
N Males Approach/leave data Brotherton et 
al. 1997 
Hylobates lar  
(white-handed 
gibbon) 
N Males Grooming reciprocity, 
approach/leave data 
Palombit et al. 
1996 
Indri indri N Males Grooming reciprocity Pollock 1979 
Pithecia pithecia  
(white-faced saki 
monkey) 









M Both sexes Grooming reciprocity, 
approach/leave data 
Palombit et al. 
1996 
Petropseudes dahli  
(rock-haunting 
possum) 
I Both sexes Approach data Runcie 2000 
Otocyon megalotis  
(bat-eared fox) 
I Both sexes Approach data Wright 2006; 
Wright et al. 
2010 
Aotus nancymaae  
(owl monkey) 
I Both sexes a Grooming reciprocity, 
approach/leave data 




Plecturocebus cupreus  
(red titi monkey) 
I Females Grooming reciprocity, 
approach/leave data 
This study 
(a) Data available only for captive animals 
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Infant care is costly, and strategies to deal with its energetic demands may involve increasing 
feeding time or reducing activity levels or social time. In mammals, the most energetically 
expensive form of infant care is lactation, followed by infant carrying in species where young 
are transported over long distances. In titi monkeys, infants are carried primarily by males, 
which allows us to tease apart the effects of lactation and infant carrying. We analysed activity 
budgets and diet composition in adult males and females in seven free-ranging groups of red 
titi monkeys, Plecturocebus cupreus, in the Peruvian Amazon over 14 months. Females fed 
more, consumed more arthropods and rested less after infant birth than before, and males 
fed less, consumed fewer arthropods and rested more. Lactating females increased feeding 
time at the expense of mainly resting and, to a lesser degree, social time. Despite the general 
decrease in social time, females conserved grooming time within pairs. Our results suggest 
that females and males use opposing strategies to cope with the costs of parental care and 
indicate the importance of pair-bond maintenance for females. 
Introduction 
Infant care is costly and requires the caring adults to allocate time and energy at the expense 
of their own maintenance, survival or future mating opportunities (Maynard Smith 1977). In 
mammals, the most energetically costly investment in young is lactation (Altmann & Samuels 
1992; Clutton-Brock et al. 1989). While in most mammals infants are not transported over 
long distances during foraging or travelling, infant carrying is present in six eutherian 
mammalian orders (Primates, Chiroptera, Dermoptera, Xenarthra, Pholidota and Sirenia), 
and its energetic costs are second only to lactation, at least in primates (Altmann & Samuels 
1992). 
Lactation has been thoroughly studied, and its direct energetic costs have been measured for 
many species (e.g. Butte & King, 2005; Costa, Boeuf, Huntley, & Ortiz, 1986; Sikes, 1995). In 
many mammals, females support the energy demands of lactation by increasing either 
feeding time (e.g. red deer, Cervus elaphus, Clutton-Brock, Iason, Albon, & Guinness, 1982; 
Hanuman langur, Presbytis entellus, Koenig, Borries, Chalise, & Winkler, 1997; hoary 
bat, Lasiurus cinereus, Barclay, 1989) or consumption of nutritionally valuable resources 
(squirrel monkey, Saimiri oerstedi, Boinski, 1988; red-ruffed lemur, Varecia rubra, Vasey, 
2004). In some species, however, females do the reverse: instead of eating more, they reduce 
activity levels, thus minimizing their energetic needs, and presumably using their fat reserves. 
For example, in chacma baboons, Papio ursinus, and chimpanzees, Pan troglodytes, lactating 
females decrease feeding time and activity levels (Barrett et al. 2006; Murray et al. 2009). One 
possible reason for this is that some competing activity, for example vigilance, is incompatible 
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with feeding. Indeed, in chacma baboons there is a negative correlation between feeding time 
and vigilance (Miller 2002; Barrett et al. 2006).  
When using the energy-maximizing ‘eat more’ strategy, females must offset the increased 
feeding time by withdrawing time from other activities. The classical model by Altmann 
(1980) of maternal time budgets in primates suggests that extra feeding time could be drawn 
only from social time, since resting and moving time would be set by the demands of the 
habitat and activity of the group as a whole. While this assumption is consistent with 
Altmann’s data on yellow baboons, Papio cynocephalus, in other Papio species, geladas, 
Theropithecus gelada, and black howlers, Alouatta pigra (Dias et al. 2011; Dunbar & Sharman 
1984; Dunbar & Dunbar 1988), social time is conserved for as long as possible and extra 
feeding time is taken from resting time. Only when resting time is exhausted, do females give 
up social time. In a study of captive cotton-top tamarins, Saguinus oedipus, feeding time also 
increased mainly at the expense of resting time, and although active forms of socializing 
(allogrooming) decreased, time spent in contact with other group members did not change 
(Price 1992a). It has been suggested that surrendering social time has serious consequences 
for animals as social as primates (Dunbar & Dunbar 1988). 
Compared to lactation, relatively little is known about the energetic costs of infant carrying. 
In most species in which it occurs, infants are carried by lactating females (Kleiman & Malcolm 
1981; Woodroffe & Vincent 1994). The females then have the double burden of lactation and 
infant carrying, which makes it difficult to disentangle their respective energetic costs. This 
topic is best addressed in primates, where both infant carrying and allomaternal care are 
relatively widespread (Huck & Fernandez-Duque 2012b). The direct energetic costs of infant 
carrying have been analysed by measuring changes in body mass in several captive studies 
on cooperatively breeding cotton-top tamarins, where infants are transported by all group 
members. In these studies infant-carrying helpers were shown to lose considerable amounts 
of body mass, and this loss was correlated with the time spent carrying (Sánchez et al. 1999; 
Achenbach & Snowdon 2002). Infant carrying was also shown to affect activity patterns in 
helping males both in cooperatively breeding callitrichids and in pair-living titi monkeys, and 
the direction of change suggested the use of the energy-minimizing ‘do less’ strategy. In wild 
saddleback, Saguinus fuscicollis (now Leontocebus weddelli), moustached, Saguinus mystax, 
and captive cotton-top tamarins, males fed less and rested more during carrying periods 
(Goldizen 1987; Price 1992b; Huck et al. 2004). In wild dusky titi monkeys, Callicebus 
brunneus (now Plecturocebus toppini), carrying males were less effective in catching 
arthropods (Wright 1984). A possible explanation might be again the conflict between 
foraging and vigilance. This effect has been suggested to be more pronounced in species using 
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crypsis as a main antipredator strategy, as the need for infant-carriers to remain concealed 
will be incompatible with effective foraging (Tardif 1994, 1997), especially with manoeuvres 
required for prey capture. 
Neotropical titi monkeys (previously Callicebus; now split into Callicebus, Plecturocebus and 
Cheracebus: Byrne et al., 2016) are a good model to study the effects of both lactation and 
infant carrying. Titi monkeys live in groups comprising one reproductive pair and one to three 
young (Fernandez-Duque et al. 2013; Kinzey 1981; Kinzey & Robinson 1983; Bicca-Marques 
& Heymann 2013) and have one of the highest levels of male care among primates. Both in 
the wild and in captivity, the infant is carried almost exclusively by the adult male from the 
first week of life; mothers contribute very little to carrying and mainly during the first days 
after birth and later the infant is returned to the mother only to suckle (Tirado Herrera & 
Heymann 2004; Fernandez-Duque et al. 2013; Spence-Aizenberg et al. 2016; Lawrence 2007; 
Wright 1984; Fragaszy et al. 1982; Jantschke et al. 1995). This allows us to tease apart the 
effects of lactation and infant carrying.  So far, only two studies have addressed this topic in 
Plecturocebus spp. (Tirado Herrera & Heymann 2004; Wright 1984); they showed that 
lactating females increased their consumption of protein-rich food (arthropods), but were 
based on just one and two groups, respectively. 
The goal of our study was to examine the effects of lactation and infant carrying in titi 
monkeys. Specifically, we aimed at investigating (1) how activity patterns change in lactating 
females and carrying males; (2) how diet composition changes in lactating females and 
carrying males; (3) if feeding time increases in lactating females, which activity category is 
compromised. To address these questions, we analysed activity budgets and diet composition 
of adult males and females from seven free-ranging groups of red titi monkeys, Plecturocebus 
cupreus, in the Peruvian Amazon. 
Methods 
Study site and animals 
The study was conducted at the Estación Biológica Quebrada Blanco (EBQB) in the Peruvian 
Amazon (4°21’S, 73°09’W). We studied seven adult female–male pairs from seven habituated 
titi groups in June–December 2017 and June–December 2018. Group 1 had been habituated 
to the presence of human observers and studied intermittently since 1997; the other groups 
were habituated during this study. On average, it took 6 (3–10) weeks to habituate a group. 
We began data collection only after the animals were fully habituated, allowing the observers 
to approach to within 5 m without fleeing or hiding. We individually identified all the study 
animals based on the combination of body size, tail shape and coloration and genital size and 
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shape. We distinguished females and males based on genitalia shape and body size and shape 
(males are slightly bigger and thicker around the neck).  
During the study period, infants were born in five groups. We defined infant dependency as 
the period until an infant was locomoting independently most of the time at the age of ca. 4.5 
months, or 19 weeks (Fragaszy et al. 1982; Wright 1984; Jantschke et al. 1995). In captive 
titis, this age also marked the onset of weaning conflicts and the change in the form of infant 
contact with adults, with clinging being replaced by adult forms of contact such as sitting in 
contact, grooming and tail twining (Fragaszy et al. 1982). Lactation can be difficult to see in 
wild titis, and there is only one report on lactation duration in a wild group, where suckling 
was observed until an infant was 8 months old (Wright 1984). We did not quantify lactation 
in our study, but we observed sucking various times a day when infants were <5 months old 
and only once or twice a day when an infant was ca. 6.5 months old. Twice we also observed 
a 10-month-old infant suckling on a female’s belly and shoulder, indicating the difficulty of 
assessing the duration of actual lactation. For this reason, we used a conservative estimate of 
high-intensity lactation, inferred from the duration of lactational anovulation in captive titis 
as ca. 6.5 months, or 28 weeks (Valeggia, Mendoza, Fernandez-Duque, Mason, & Lasley, 1999). 
We estimated an infant’s date of birth as the midpoint between the dates when a group was 
last seen without and first seen with an infant. The difference between these dates varied 
between 0 and 26 days. For Group 3, the date of birth could only be estimated within a month 
based on body size as the group already had an infant when we started to follow it. However, 
at the end of the study period the infant still did not begin to travel independently, suggesting 
that it was younger than 4 months. Birthdates, group composition and sampling effort for the 
study groups are provided in Table 1. 
Data collection 
We followed each group in blocks of 5–6 days with the help of trained field assistants. Focal 
data were collected by S.D. and two field assistants. New observers went through a period of 
training when they collected ‘test’ data in parallel with S.D. until an agreement was achieved 
between them. Focal samples collected during the first week of observation were excluded 
from the analysis. In between periods of data collection, we monitored each group for 1–2 
days a month for possible changes in group membership. We followed titis from the early 
morning when the animals left a sleeping site (or from when we located the group) until the 
late afternoon when the animals retired to a sleeping site (or until we lost sight of them). 
We used continuous focal animal sampling for the adult male and female of each group. We 
separated the focal samples on any given animal either by a focal sample of another animal or 
by, at least, a 10 min period. As focal animals were visible for variable periods of time, 
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sampling periods varied from 3 min to 2 h. If the focal animal was out of view for more than 
2 min, we terminated the observation. We discarded any samples where the focal animal was 
visible for less than 50% of the time. We used activity categories falling into four classes: 
resting, moving, feeding and socializing (resting in body contact, grooming, social playing) 
based on ethograms provided by Kinzey (1981) and Spence-Aizenberg et al. (2016). During 
feeding we specified the type of food as fruits, leaves, shoots, flowers, arthropods, soil (from 
termite nests) or unknown when the food item could not be specified with certainty.  






















 Adult male Adult female 
1 Jun–Dec 
2017 
AM, AF, SM, 
Juv 






AM, AF, SM, 
Juv, Inf 
5 Jun 2018 
2 Sep–Oct 
2017 










AM, AF, Inf 26 Oct 2018 
3 Oct–Dec 
2017 
AM, AF, Juv, 
Inf 




























AM, AF, SM, 
SF, Juv, Inf 




Jul 2018 AM, AF, SM, 
SF, Juv 
– 
7 Aug 2018 AM, AF – 192.6/12.8 2.0/6.5 
3/10 
0.6/3.7 
4/9 Nov 2018 AM, AF, Inf 1 Nov 2018 
AM – adult male, AF – adult female, SM – subadult male, SF – subadult female (distinguishable by size from 
adults), Juv – juvenile (>4,5 months), Inf – infant (< 4.5 months). Sex could not be determined for juveniles and 
infants due to small genital size. 
 




To characterize activity patterns, we calculated daily proportions of time spent in each 
activity category for the adult male and female of each group. To do this, we summed the 
durations of time spent in each activity category during all focal observations during the day 
and divided the sum by the total daily observation time. The use of proportions allowed us to 
account for the effect of different durations of daily observations. To characterize diet 
composition, we calculated daily proportions of feeding time allocated to fruits, arthropods 
or other types of food (combining leaves, shoots, flowers and soil) for the adult male and 
female of each group. 
Infant care, activity budgets and diet composition  
To examine the effects of infant care in females and males, we used generalized linear mixed 
models (GLMM; Baayen, 2008) with beta error structure and logit link function (since our 
response is a true continuous proportion). We ran five models with the following daily 
proportions as response variables: (1) feeding time; (2) resting time; (3) social time; (4) 
moving time; (5) feeding time allocated to arthropods. In each model, we included presence 
of a dependent infant (hereafter ‘infant presence’) and sex as fixed-effect predictors and 
group ID as a random-effect predictor to account for the repeated observations. To control 
for their possible effects, we included rainfall data as a measure of seasonality (monthly 
averages in mm at Tamshiyacu (4°00’10.7”S, 73°09’38.2”W), ca. 40 km north of EBQB, data 
available at https://www.worldweatheronline.com) and group size (not including dependent 
infants) as control predictors. Since we expected the effect of infant presence on the feeding 
and resting time and diet composition to be the opposite in males and females, we also 
included interaction between infant presence and sex in the respective models (1, 2 and 5). 
We compressed all the responses by taking y’ = (y×(N-1) + 0.5)/N, where N is the sample size 
(Smithson & Verkuilen 2006). This transformation allowed us to avoid zeros and ones (since 
their logits are undefined) but did not change the interior distribution shape (see more details 
on this practical issue in Smithson & Verkuilen (2006). To achieve an approximately 
symmetrical distribution, we further square root-transformed the response. We z-
transformed group size and rainfall (Schielzeth 2010). To reduce the probability of type I 
error (Barr et al. 2013), we included random slopes of season and sex within group. Originally 
we also included the correlations of random slopes of season and sex with the intercepts, but 
they proved to be unidentifiable (Matuschek et al. 2017), so we removed them from the 
models. 
We tested the overall effect of test predictors using full-null model comparison based on a 
likelihood ratio test (Dobson et al. 2008; Forstmeier & Schielzeth 2011). The null models for 
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models 1, 2 and 5 lacked the predictor of infant presence and its interaction with sex; null 
models for models 3 and 4 lacked the predictors of infant presence and sex; otherwise the 
null models were identical to the full models. We tested the individual fixed-effect predictors 
using likelihood ratio tests comparing the full model with reduced models lacking each of the 
predictors one at a time (Barr et al. 2013). To check for collinearity between predictors, we 
determined variance inflation factors (VIF; Quinn & Keough, 2002) with the function vif of the 
package car (version 3.0.2; Fox & Weisberg, 2011). It revealed no collinearity (maximum VIF 
1.61 for models 1, 2 and 5; 1.60 for models 3 and 4; Quinn & Keough, 2002). 
Effect of lactation on feeding 
To test whether feeding time changed in lactating females compared to nonlactating females, 
we ran two GLMMs with beta error structure and logit link function. We used daily 
proportions of feeding time as response variable and lactation presence as a fixed-effect 
predictor. For the first model, we considered lactation to be present only until the beginning 
of weaning (= period of infant dependency: until an infant is 19 weeks old). For the second 
model, we considered lactation to be present for the whole lactation period, until the infant is 
28 weeks old. In each model, we included rainfall and group size as control predictors and 
group ID as a random-effect predictor. We also included the random slope of rainfall within 
group. Transformations of response and predictors were identical to that of the models 
described above. 
Trade-offs between activity categories in lactating females 
To test for trade-offs between activity categories in lactating females, we ran a GLMM with 
beta error structure and logit link function using data for the high-intensity lactation period 
(until an infant is 28 weeks old). We ran three models with the following daily proportions as 
response variables: (1) resting time; (2) social time; (3) moving time. In each model, we 
included daily proportions of time feeding (z-transformed) as a response and group ID as a 
random-effect predictor. We compressed the responses using the formula specified above 
and further square root-transformed time spent socializing and time spent moving. Null 
models used for full-null model comparison were intercept-only models. 
All models were fitted in R (version 3.5.3; R Core Team, 2018) using the package glmmTMB 
(version 0.2.3; Brooks et al., 2017). To assess model stability, we compared the full model 
estimates with those obtained from models with the levels of the random-effect predictors 
excluded one at a time using a function provided by R. Mundry (Leipzig, Germany). The results 
of stability and overdispersion tests, as well as sample sizes, are specified in Table 2 and 
Appendix Tables A1 and A2. 
 




Infant care, activity budgets and diet composition 
Both activity budgets and diet composition were different before and after infant birth (Table 
2, Fig. 1–3, Appendix Table A1). For feeding, resting time and the proportion of feeding time 
allocated to arthropods, the direction of changes was opposite for females and males. For 
social and moving time, the direction of changes was similar for females and males. 
 
Fig. 1. Daily proportions of (a) feeding time and (b) resting time of all females and males in relation to infant 
presence/absence. For visual clarity proportions were binned into 10 sections. The size of symbols corresponds 
to the respective number of observations: (a) 1-38; (b) 2-43 per bin per combination of sex and dependent infant 
absence/presence). Boxes depict the median and lower and upper quartiles. 
 
After infant birth, females fed more (all five females that gave birth during the study) and 
rested less (three of the five females) than before. Males, in contrast, fed less (four of five 
males) and rested more (four of five males; Fig. 1, Appendix Table A1). In the GLMM, infant 
presence, sex and their interaction had a clear association with feeding time (full–null model 
comparison: χ22=12.461, P=0.002) and resting time (full–null model comparison: χ22= 20.051, 
P<0.001). Rainfall and group size did not have an association with feeding or resting time 
(Table 2). 
After infant birth, both sexes spent less time socializing (all females, four of five males) and 
less time moving (four of five females, all males) than before (Fig. 2, Appendix Table A1). In 
the GLMM, infant presence and sex had a clear association with social time (full–null model 
comparison: χ22=24.572, P<0.001). Infant presence did not have an association with moving 
time, but sex did: females moved more than males, especially after infant birth (Table 2). 




Fig. 2. Daily proportions of (a) social time and (b) moving time of all females and males in relation to infant 
presence/absence. For visual clarity proportions were binned into 10 sections. The size of symbols corresponds 
to the respective number of observations: (a) 1-86; (b) 1-45 per bin per combination of sex and infant 
absence/presence). Boxes depict the median and lower and upper quartiles. 
 
After infant birth, females increased the proportion of feeding time allocated to arthropods 
(four of five females). Males on average decreased the proportion of feeding time allocated to 
arthropods (although a pronounced decrease was observed only in two of five males; Fig. 3, 
Appendix Table A1). In the GLMM, infant presence, sex and their interaction also had a clear 
association with diet composition (full-null model comparison: χ22=6.428, P=0.04). The effect 
was opposite in females and males. Females consumed more arthropods after infant birth 
than before, while males consumed fewer (Fig. 3, Table 2). 
 
Fig. 3. Mean daily proportions of feeding time allocated for arthropods, fruits and other items (flowers, leaves, 
shoots, and soil) of all females and males in relation to infant presence/absence. 
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Table 2. Results of the models of the daily proportion of (1) feeding time; (2) resting time; (3) social time; 
(4) moving time; (5) feeding time allocated to arthropods, in females and males. Indicated are estimates 
and standard errors, confidence intervals, results of likelihood ratio tests, and the range of estimates 
obtained when dropping levels of random effects one at a time. 
 




χ2 df P-value min max 
Model 1: feeding time in females and males 
dispersion parameter = 0.91; 479 daily proportion values from 7 groups 
Intercept -0.661 0.114 -0.886 -0.437 – – – -0.748 -0.536 
Infant presence (1) -0.197 0.194 -0.576 0.183 – – (2) -0.396 -0.001 
Sex (3) 0.154 0.139 -0.118 0.426 – - (2) 0.064 0.259 
Group size (4) 0.069 0.093 -0.114 0.252 0.602 1 0.438 -0.096 0.145 
Rainfall (5) -0.160 0.223 -0.597 0.278 0.555 1 0.456 -0.286 0.047 
Infant 
presence:sex 
0.740 0.225 0.299 1.181 11.382 1 0.001 0.584 0.944 
Model 2: resting time in females and males 
dispersion parameter = 0.96; 479 daily proportion values from 7 groups 
Intercept 0.774 0.142 0.496 1.052 – – – 0.685 1.025 
Infant presence (1) 0.656 0.198 0.268 1.044 – – (2) 0.258 1.075 
Sex (3) -0.111 0.095 -0.296 0.075 – – (2) -0.153 -0.055 
Group size (4) -0.064 0.115 -0.289 0.160 0.326 1 0.568 -0.208 1.165 
Rainfall (5) 0.104 0.125 -0.141 0.348 0.803 1 0.370 0.015 0.470 
Infant 
presence:sex 
-0.815 0.191 -1.190 -0.441 17.988 1 0.000 -1.132 -0.516 
Model 3: social time in females and males 
dispersion parameter = 1.12; 479 daily proportion values from 7 groups 
Intercept -0.616 0.121 -0.852 -0.379 – – – -0.774 -0.468 
Infant presence (1) -0.814 0.178 -1.164 -0.465 20.506 1 0.000 -0.957 -0.530 
Sex (3) -0.200 0.099 -0.394 -0.005 4.053 1 0.004 -0.243 -0.154 
Group size (4) -0.155 0.095 -0.342 0.031 2.562 1 0.110 -0.246 0.020 
Rainfall (5) -0.038 0.069 -0.172 0.097 0.301 1 0.583 -0.145 0.011 
Model 4: moving time in females and males 
dispersion parameter = 0.93; 479 daily proportion values from 7 groups 
Intercept -0.922 0.069 -1.058 -0.786 – – – -1.017 -0.868 
Infant presence (1) -0.037 0.107 -0.246 0.173 0.120 1 0.730 -0.173 0.083 
Sex (3) 0.145 0.058 0.032 0.259 5.576 1 0.018 0.109 0.175 
Group size (4) 0.019 0.057 -0.093 0.132 0.110 1 0.740 -0.022 0.135 
Rainfall (5) -0.117 0.057 -0.228 -0.006 4.146 1 0.042 -0.143 -0.066 
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Model 5: feeding time allocated to arthropods in females and males 
dispersion parameter = 1.02; 356 daily proportion values from 7 groups 
Intercept 0.124 0.182 -0.233 0.481 – – – -0.001 0.277 
Infant presence (1) -0.575 0.301 -1.165 0.015 – – (2) - 0.791 -0.403 
Sex (3) 0.116 0.200 -0.275 0.508 – – (2) -0.036 0.246 
Group size (4) -0.186 0.147 -0.475 0.102 1.615 1 0.204 -0.365 -0.071 
Rainfall (5) 0.140 0.235 -0.321 0.601 0.377 1 0.539 -0.011 0.270 
Infant 
presence:sex 
0.807 0.330 0.160 1.454 5.852 1 0.016 0.629 0.872 
(1) Dummy coded with absence of infant being the reference category 
(2) Not shown because of having very limited interpretation for a GLMM with interaction 
(3) Dummy coded with male being the reference category 
(4) Z-transformed to a mean of 0 and a standard deviation of 1; mean and sd of the original value were 3.216 and 
0.877, respectively 
(5) Z-transformed to a mean of 0 and a standard deviation of 1; mean and sd of the original value were 91.754 and 
79.121, respectively 
 
Effect of lactation on feeding time 
Lactating females spent more time feeding than nonlactating females, especially in the first 
19 weeks after birth (full-null model comparison: χ21=6.610, P=0.010). When analysing the 
entire period of high-intensity lactation (until an infant is 28 weeks old), the association was 
less pronounced (Appendix Table A2). The effect of lactation on feeding time, therefore, was 
stronger in the first 4.5 months of lactation. The increase in feeding time was nonlinear: it 
increased right after infant birth, dropped around week 2 and started to rise again from week 
7, reaching its peak around week 17 (Fig. 4).  
 
Fig. 4. Daily proportion of time females spent in each of the activities; dots connected by lines represent mean 
values for all females for a 2-week block; other dots show mean values for each individual female. The plot 
encompasses the period of high intensity lactation (28 weeks), including the period of infant dependency (19 
weeks; grey area), and 8 weeks before infant birth for comparison. Because the first week of infant’s life happens 
between the age of 0 and 1 weeks, the data points are located between the ticks indicating infant age. 
 
Chapter 5: Parental care 
 
 68 
Trade-offs between activities in lactating females 
There was a significant negative relationship between feeding time and both resting (full–null 
model comparison: χ21=47.797, P<0.001) and social (full–null model comparison: χ21=8.192, 
P=0.004) time. The relationship between feeding and moving time (full–null model 
comparison: χ21=3.578, P=0.06) was not significant (Fig. 5). The relationship was much 
stronger for resting time (slope = -0.905) than for social time (slope = -0.363).  Lactating 
females, therefore, drew extra time for feeding primarily from resting time and, to a lesser 
extent, from social time (Fig. 4, 5, Appendix Table A3). 
 
Fig. 5. Daily proportions of (a) resting, (b) social, and (c) moving time, as a function of daily proportion of feeding 
time, for the period of high intensity lactation (28 weeks). 
 
Discussion 
The presence of a dependent infant affected activity patterns and diet composition in both 
sexes, but the direction of the changes was mostly the opposite in females and males. While 
females fed more, consumed more arthropods and rested less after infant birth than before, 
males fed less, consumed fewer arthropods and rested more after infant birth. Only social 
time was affected in the same way in both sexes: both females and males socialized less after 
infant birth than before. 
These changes in activity patterns represent two different strategies of dealing with the 
energetic costs, the energy-maximizing ‘eat more’ strategy for the females and the energy-
minimizing ‘do less’ strategy for males. Similar contrasting strategies have been observed in 
tamarins where males carry the infants: while lactating females fed more, infant-carrying 
males fed less and rested more (saddleback, Goldizen, 1987; cotton-top, Price, 1992b). 
Why would males in these species not use the more straightforward ‘eat more’ strategy to 
offset the energetic costs of infant carrying and instead risk a reduction in body condition? 
First, infant carrying seems to be in conflict with efficient foraging, particularly arthropod 
foraging (Tardif 1994). Both in our study and in Wright’s (1984) study of dusky titi monkeys, 
males consumed fewer arthropods during the infant dependency period. In contrast, lactating 
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females, not handicapped by infants, could afford to forage for more arthropods during this 
period. Second, efficient foraging might be incompatible with vigilance. A trade-off between 
foraging and vigilance is well known (Miller 2002; Lima 1987), and increased vigilance in the 
presence of infants has been shown for many mammals. In chacma baboons, females 
increased their vigilance while lactating and carrying, and there was a negative relationship 
between feeding time and vigilance (Barrett et al. 2006). In cooperatively breeding meerkats, 
Suricata suricatta, helpers that guarded infants had increased vigilance levels, spent less time 
foraging and found less food (Clutton-Brock et al. 1998; Santema & Clutton-Brock 2013). 
Moreover, in many primate species males have been shown to be generally more vigilant than 
females (Isbell 1994; van Schaik & van Noordwijk 1989). Vigilance has not been quantified in 
titis, but both in our study and in Lawrence’s (2007) study on dusky titi monkeys, males 
appeared to be more vigilant than females, often scanning the environment while the rest of 
the group was feeding, and male white-tailed titis, Plecturocebus discolor, showed 
antipredator behaviour only in the presence of infants (De Luna et al. 2010). Infant-carrying 
males must be more vulnerable to predation not only because infants are more likely to be 
targeted by predators, but also because a male, handicapped by an infant, will be slower in 
escaping the predator himself. 
It has been suggested that foraging would be more affected in species using crypsis as a main 
antipredator strategy (Tardif 1994). As small (adult body mass around 1 kg), cryptically 
coloured primates living in small groups, titis use hiding and fleeing as their main 
antipredator strategies (Wright 1984). Therefore, foraging must be especially strongly 
affected in infant-carrying male titis. Indeed, in squirrel monkeys, which live in large groups 
and thus can afford to have reduced individual vigilance levels due to the group size effect 
(van Schaik 1983), there was no effect of maternal carrying on foraging rates (Boinski 1988). 
Unlike males, lactating females are not handicapped by infants or by the need for increased 
vigilance and thus can afford to increase feeding time and consume more protein-rich 
arthropods. These changes in female behaviour have been found for red (Tirado Herrera & 
Heymann 2004) and dusky (Wright 1984) titi monkeys, vervet monkeys, Chlorocebus 
aethiops (Lee 1987), and mantled howlers, Alouatta palliata (Serio-Silva et al. 1999), 
consistent with the fact that protein requirements are strongly increased during lactation 
(Buttery 1979). 
While lactating females generally increased their feeding time compared to nonlactating 
females, this increase was not linear and was most pronounced in the first 4.5 months of 
lactation, until the beginning of weaning. Right after infant birth, feeding time increased, but 
then dropped again around week 2 and started to increase again from ca. week 12 (2.8 
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months), reaching its peak almost at the end of the infant dependency period, around week 17 
(4 months).  
The feeding time is expected to vary throughout lactation as a function of infant’s energy 
requirements, other costs of maternal care (e.g. infant carrying), female cycling (e.g. a new 
pregnancy) and food availability. The effect of a new pregnancy, however, can be excluded in 
titis since they have lactational amenorrhea and do not become receptive again until around 
7.5 months after giving birth (about a month after weaning; Valeggia et al., 1999). The effect 
of food availability can be excluded as well, as infant births were not seasonal in our study, 
with birthdates ranging from June (dry season) to November (wet season), and seasonality 
did not have any effect on maternal feeding time in the models.  The variation in feeding time 
should then be explained by a combination of infant growth and other costs of care. 
During the first weeks of an infant’s life, lactation is most intensive, with nursing occurring 
every 2 h on average (Wright 1990). In addition, in the first week mothers may contribute to 
infant carrying to some degree (about 20% of carrying time in a captive population: Jantschke 
et al., 1995; about 5% on average during first 3 weeks in a wild population: Wright, 1984). 
The increase in female feeding time in the first 2 weeks following an infant’s birth can 
probably be attributed to the combined energetic demands of lactation and infant transport. 
The second increase in feeding time at weeks 13–21 is harder to explain. It roughly coincides 
with the period of pronounced changes in the infant’s behaviour: between 13 and 21 weeks, 
an infant gradually becomes more independent, starting to play with siblings and travel on its 
own at ca. 15 weeks, travelling independently at the age of ca. 19 weeks and switching to adult 
forms of contact with parents (tail twining, grooming and sitting next to, rather than on, a 
parent) at the age of 17–21 weeks (Jantschke et al. 1995; Fragaszy et al. 1982; Wright 1984). 
During this period (13–21 weeks), lactating females most often resist infants’ attempts to 
nurse (Fragaszy et al. 1982). Given that maternal investment can be measured in terms of 
conflict between mothers and infants (Lee 1987), the high frequency of suckling rejections 
indicates that during this period the energetic costs of lactation become too high for a female. 
However, the costs of lactation are the highest at peak lactation (Altmann 1980), which occurs 
before an infant starts to consume supplemental foods (Lee et al. 1991). In titis, peak lactation 
happens about 1–1.5 months after birth (Wright 1984; Fragaszy et al. 1982), so it cannot 
account for the increase in feeding time at weeks 13–21. Additional data on suckling 
frequency and diet composition of mothers and infants might help address this issue.  
Contrary to the predictions of Altmann’s model, lactating females in our study drew extra time 
for feeding primarily from resting time and, to a lesser extent, from social time. The same 
effect has been shown in baboons, geladas and black howlers (Dunbar & Sharman 1984; 
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Dunbar & Dunbar 1988; Dias et al. 2011), where extra feeding time was drawn mainly from 
resting time and, only when it was exhausted, from social time. In all these species, the risk of 
infanticide by males is high and females are subject to harassment from other group 
members, so surrendering social time might have serious consequences for females (Dunbar 
& Dunbar 1988). However, conserving social time was also observed in red titis in our study 
and in cotton-top tamarins (Price 1992a), even though no infanticide has been recorded for 
either of these species and females are not at risk of harassment from other group members. 
In both species, however, females receive a lot of help from other group members: males in 
titis and all adult and subadult group members in tamarins. Presumably, the value of these 
services encourages the females to contribute to maintaining relationships with the helpers 
and to conserve social time even in the absence of risks of infanticide or harassment. 
Note that social time is not homogeneous and consists of components with different weights 
(Dunbar & Dunbar 1988). Even though social time dropped for both sexes in our study, 
females conserved the amount of grooming directed at their pair mates (Dolotovskaya, 
Walker, et al. 2019). As a result, grooming between pair mates, while being almost reciprocal 
before infant birth, was heavily skewed towards female investment during infant 
dependency, suggesting the importance of pair bond maintenance to females. Similarly, in 
chacma baboons lactating females conserved the diversity of social partners even when they 
had to decrease social time (Barrett et al. 2006), geladas conserved social time devoted to 
primary partners, but drew from time devoted to casual acquaintances when necessary 
(Dunbar & Dunbar 1988), and cotton-top tamarins, while decreasing active investment in 
grooming, conserved the total social time (Price, 1992a). In yellow baboons, females 
decreased their investment in grooming during lactation, but strongly increased it 
immediately after weaning (Altmann 1980). All these examples suggest that, even when 
lactating females are forced to give up social time, they try to conserve ‘quality social time’, 
expressed as either active investment in grooming or time devoted to the most important 
social partners, or, when that is not possible, to repay the debt later. 
In conclusion, our study suggests that in red titi monkeys, females and males use opposing 
strategies to deal with the costs of parental care. While lactating females use the ‘eat more’ 
strategy, feeding more, catching more arthropods and resting less after infant birth than 
before, males use the ‘do less’ strategy, feeding less, catching fewer arthropods and resting 
more after infant birth. Lactating females drew the extra feeding time mainly from resting 
time and, to a lesser degree, from social time. Despite the general decrease in social time, 
females conserved grooming time directed at their pair mates, indicating the importance of 
pair-bond maintenance to females. 
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Due to their inconspicuous behaviour and coloration, it has been assumed that titi monkeys’ 
main anti-predator behaviour is passive crypsis and hiding. So far, active predator mobbing 
has been documented only for black-fronted titi monkeys, Callicebus nigrifrons. Here we 
report for the first time mobbing behaviour of red titi monkeys, Plecturocebus cupreus 
(previously Callicebus cupreus), as reaction to an ocelot (Leopardus pardalis) and a Boa 
constrictor. We also report other active antipredator behaviours, such as alarm calling and 
approaching, as reactions to tayras (Eira barbara) and raptors. Our observations provide 
additional evidence for sex differences in antipredator behaviour, possibly related to the 
evolution and maintenance of social monogamy. 
1. Introduction 
Although predation is thought to play a major role in the evolution of primate behaviour and 
ecology, predation on primates is rarely directly observed in the wild. Encounters with 
potential predators, however, are observed more often, and reactions of primates to the 
presence of potential predators might help to estimate the extent of predation pressure by 
different types of predators. 
Behavioural responses to predators vary considerably in primates depending on both 
predator and prey species. Types of responses can be broadly classified into two groups:  
passive (e.g., avoidance, fleeing, or hiding) and active (e.g., alarm calling, attacking, or 
mobbing) and they vary systematically within species depending on the type of predator 
(Ferrari 2009). Active responses such as alarm calling and mobbing (the latter defined as 
repeated and aggressive advances on a predator accompanied by calling and displaying in a 
conspicuous manner: Dutour et al., 2016) often involve several or all group members and 
have been documented in various primate species (for example, gelada baboons: Iwamoto et 
al. 1996, moustached tamarins: Shahuano Tello et al. 2002, chimpanzees: Boesch & Boesch-
Achermann 2000). In many species, both pair-living and living in multi-male-multi-female 
groups, males are more involved in these active anti-predator behaviours than females (Isbell 
1994). This special male role against predators has been suggested to account both for the 
evolution of multi-male primate groups and for the evolution and maintenance of pair-living 
and pair-bonding in pair-living species (e.g., Crook and Gartlan, 1966; De Luna et al., 2010; 
van Schaik and Dunbar, 1990). 
Titi monkeys are small (body mass around 1 kg), cryptically coloured, diurnal Neotropical 
primates living in small family groups containing an adult pair and 1–3 offspring (Bicca-
Marques & Heymann 2013). The infants are carried almost exclusively by adult males (Wright 
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1984). Due to both their small body size and low group size, titis are faced with a wide range 
of predators (Table 1). 
Table 1. Predation and predation attempts on titi monkeys. 





Eira barbara (tayra) Unsuccessful attacks  De Luna, Sanmiguel, Di 
Fiore, & Fernandez-
Duque, 2010 
Boa constrictor Successful predation Cisneros-Heredia, León-
Reyes, & Seger, 2008 




Sapajus apella  
(Cebus apella) (capuchin 
monkey) 





Boa constrictor Successful predation Lawrence, 2007 
Morphnus guianensis (crested 
eagle) 
Successful predation Terborgh 1983; Wright 
1985 
Spizaëtus tyrannus and 
Spizaëtus ornatus (ornate 
hawk-eagles) 
Successful predation  Terborgh 1983; Wright 
1985 
Sapajus macrocephalus  
(Cebus apella) 
Successful predation Lawrence, 2007 
Leopardus pardalis (ocelot) Unsuccessful attack  Wright 1985 
Accipiter bicolor (bicolored 
hawk) 
Unsuccessful attack  Wright 1985 
Plecturocebus sp. 
(Callicebus moloch) 
Harpia harpyja (?) Successful predation Curtis Freese pers. comm. 
to Kinzey et al. 1977 
 
Because of their generally inconspicuous behaviour and coloration, it has been long assumed 
that the titi monkeys’ main anti-predator behaviour was passive crypsis and hiding (Ferrari 
2009). More recently, however, active anti-predator group behaviours such as alarm calling 
and approaching have been documented in titi monkeys: Plecturocebus discolor (Cisneros-
Heredia et al. 2005; De Luna et al. 2010); Plecturocebus moloch (Sampaio & Ferrari 2005). 
Mobbing behaviour in titis has been so far documented only for the black-fronted titi monkey 
(Callicebus nigrifrons) as reaction to tayras and an unidentified spotted cat (Cäsar et al. 2012). 
During a field study on the ecology and mating system of red titi monkeys, Plecturocebus 
cupreus (previously Callicebus cupreus), we witnessed several encounters with different 
predators/potential predators and recorded the responses of the titis. Here we report for the 
first time mobbing behaviour of titis as reaction to an ocelot (Leopardus pardalis) and a Boa 
constrictor. We also report other active antipredator behaviours, such as alarm calling and 
approaching, and discuss the more active male involvement in these behaviours. 
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2. Materials and Methods 
The study took place at the Estación Biológica Quebrada Blanco (EBQB), in north-eastern 
Peruvian Amazonia (4°21’S 73°09’W). It is embedded in primary tropical rainforest of the 
tierra firme-type, and includes a small area with anthropogenic secondary forest regenerating 
since 2001. As part of a study on the mating system and ecology, we habituated and studied 
seven groups of titi monkeys (Group 1 was habituated and studied intermittently since 1997) 
between June-December 2017 and June-December 2018. We followed the monkeys from the 
early morning when the animals left a sleeping site (or from when we could locate the group) 
until the late afternoon when the animals retired to a sleeping site. Each group was followed 
by a team of two observers. We documented encounters with predators opportunistically, 
recording the time, predator taxon when possible, and monkey behaviour during and after 
the encounters. The total observation time was approximately 2750 hours (from 387 h to 520 
h for each of the groups mentioned in this study). During the encounters observed in 2017, 
Group 1 comprised adult male and female, 1 subadult male and 1 juvenile male; in 2018, it 
comprised adult male and female, 1 subadult male and an infant carried by the adult male. 
Group 2 comprised adult male and female during all the encounters mentioned here. Group 4 
comprised adult male and female and a juvenile during all the encounters mentioned here. 
Group 6 comprised adult male and female, subadult male and a juvenile during the encounter 
mentioned here. 
2.1. Statement of Ethics 
All research protocols reported in this manuscript were reviewed and approved by the 
German Primate Center and the Servicio Nacional Forestal y de Fauna Silvestre (SERFOR) of 
the Peruvian Ministry of Agriculture (MINAGRI) (permit no.249-2017- SERFOR/DGGSPFFS). 
All research reported in this manuscript adhered to the legal requirements of the country in 
which the work took place.  
4. Results 
In total, we observed 12 encounters with potential predators. We also observed 9 encounters 
with squirrel monkeys (Saimiri cassiquiarensis); since titis showed antipredator response 
during these encounters, we include them in our report (see discussion below). 
Ocelot encounter 
On 17 June 2017 at 6:50 h, Group 1 was moving through the canopy at a height of 
approximately 10 m. While passing through a big tree, the adult male started alarm calling 
and was joined after approximately 2-3 minutes by all other group members. We then noticed 
an ocelot (Leopardus pardalis) lying on a big branch of the same tree. The titis started mobbing 
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the ocelot: all the group members surrounded it and began to move erratically around it, 
emitting alarm calls, lashing tails, swaying heads, and showing piloerection. The titis were 
moving rapidly towards and away from the ocelot, but never approached closer than 2-3 m. 
The ocelot did not make any moves towards the titis and kept lying on the branch, but had 
noticed the human observers and was staring at us from above. The titis kept mobbing the 
ocelot and vocalizing until 7:38 h, when they left the tree. The ocelot stayed on the same 
branch without moving. The titis then travelled approximately 50 meters, still emitting alarm 
calls every 3-5 minutes. At 7:55 h, however, all the group members returned to the same tree 
and started mobbing the ocelot again, vocalizing, tail-lashing, and moving rapidly towards 
and away from it. At 8:03 h, the group finally left the tree and proceeded to a feeding tree. The 
ocelot was still lying on the same branch when the titis left. 
Boa encounter 
On 14 July 2017, at 10:00 h, Group 1 was moving through the canopy at a height of 
approximately 20 m. At a height of approximately 25 m, a boa (Boa constrictor) was lying 
curled-up on a branch. All group members started to produce alarm calls and to mob the boa, 
jumping through the canopy around it, making erratic movements towards and away from 
the snake, tail-lashing and showing piloerection, but never approaching the snake closer than 
2-3 m. The mobbing lasted until 10:10 h, when the titis left the tree and moved on through 
the canopy at a height of approximately 20 m. 
Tayra encounters 
On 11 October 2017 at 6:10 h Group 2 entered a fruiting tree and started feeding on fruits. At 
6:13 h, the male started alarm calling; a tayra (Eira barbara) was lying in a nearby tree 
approximately 7 m from the titis. The male continued vocalizing until 6:34 h, staring at the 
tayra and from time to time moving towards it, but never approaching it closer than 5 m. The 
female continued feeding after the male had started alarm calling and only occasionally joined 
the male in vocalizing, emitting alarm calls for several seconds. At 6:34 h, the tayra left the 
area. The titis then moved to a nearby tree and rested out of view in a vine tangle until 7:30 h. 
On the same day, at 14:30 h Group 2 started climbing up a tree approximately 50 m from the 
site of the previous encounter with the tayra. At the same time, we saw a tayra moving down 
the same tree. When the tits noticed the tayra, they turned downwards and moved away 
quickly while emitting alarm calls. After traveling approximately 30 m, they ran into a group 
of squirrel monkeys. The titis turned again and fled quickly; we could not find the group again 
until 15:40 h. 
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Birds of prey encounters 
On 19 August 2017, at 10:31 h Group 6 was scattered around foraging at a height of 5-10 m. 
A juvenile grey-headed kite (Leptodon cayanensis) landed on a tree nearby. The adult male 
gave alarm calls for about 30 seconds, tail-lashing and displaying piloerection. Until 10:35, 
when the kite left, the male stayed vigilant and gave one more short alarm call. 
On four other occasions in July and August 2018, the adult male and female of Group 4 gave 
alarm calls simultaneously after encounters with unidentified birds of prey, vocalizing for 1 
to 8 min. 
On 19 September 2018, Group 1 was resting in a tree at a height of approximately 10 m; the 
female was separated by more than 10 m from the other group members. At 7:56 h, an 
unidentified hawk flew in and perched on another tree approximately 10 m from the titis. The 
adult male, who was carrying an infant, started alarm calling. At 8:06 h, the hawk attacked the 
subadult male. The adult male called again for 2 min and moved downwards into a denser 
part of the tree crown. At 8:18 h, the hawk attacked the subadult again, and all group members 
including the female, who had joined the group by then, emitted alarm calls. Shortly after, the 
hawk left the area. Then the titis rested for about 20 min. 
Capuchin and squirrel monkey encounters 
On two occasions in July 2017, Group 1 fled quickly and hid in the vine tangle after hearing 
large-headed capuchin (Sapajus microcephalus) calls from the distance. On nine occasions in 
2017 and 2018, Group 2 fled and hid from squirrel monkey (Saimiri cassiquiarensis) groups; 
4 times, Group 2 could not be found for up to 2 days after that the encounter with squirrel 
monkeys. However, we never observed the titis emitting alarm calls on encounters with 
capuchins or squirrel monkeys. 
5. Discussion 
Active antipredator behaviour of red titi monkeys 
Here, we observed mobbing behaviour in P. cupreus as a reaction to an ocelot and Boa 
constrictor. Until now, mobbing has not been described for P. cupreus, but was reported for 
another titi monkey species, C. nigrifrons, as a reaction to tayras and an unidentified spotted 
cat (Cäsar et al. 2012). We also observed other active predator responses such as alarm calling 
and approaching predators; these findings are in agreement with reports on the same 
behaviours in C. discolor (De Luna et al. 2010; Cisneros-Heredia et al. 2005) and C. moloch 
(Sampaio & Ferrari 2005).  
The mobbing of ocelot observed here lasted for almost 40 minutes; soon after leaving the 
area, the titis returned and continued to mob the predator again for almost 10 minutes. 
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Interestingly, during both the ocelot and the Boa constrictor encounters, the predators did not 
make any attempts to attack the monkeys or even move in their direction; both the ocelot and 
the snake remained exactly at the same spot throughout the encounter, and the ocelot was 
watching human observers much more intently than the monkeys. Moreover, none of the 
trees where the predators were encountered had been used as feeding or sleeping trees by 
the titi monkey group. 
One of the adaptive bases for predator mobbing has been hypothesized to be reducing the 
probability that a predator will attack or remain in the area (Curio 1978). As both ocelots and 
snakes hunt by ambush and rely on crypsis and surprise for successful predation, mobbing 
could decrease the probability of a successful ambush by removing the advantage of a 
surprise attack, either discouraging the predators to attack or inducing them to leave the area. 
This might be the reason for the titis to actively mob the predators in the trees they were 
merely passing by, and, in the case of the ocelot, to even come back for a second round of 
mobbing. This might also be the reason to mob tayras; although never observed in our study, 
the mobbing of tayras has been reported for C. nigrifrons (Cäsar et al. 2012) and other 
Neotropical primates (Cäsar & Zuberbühler 2012).  Although tayras, unlike ocelots or snakes, 
never ambush their prey, they can stalk it (Presley 2000), and thus mobbing could have the 
same effect on them as on ocelots or snakes. It is noteworthy that during the encounters 
described here, neither the ocelot nor the snake left the area as a result of mobbing; but 
neither did they try to attack the titis. 
It is assumed that small-bodied primates with cryptic pelage colouration would mainly rely 
on passive anti-predator strategies such as hiding or fleeing. However, there are multiple 
reports on mobbing behavior of miniature callitrichids in response to tayras (common 
marmoset, Callithrix jacchus (Bezerra et al., 2009), buffy-headed marmosets (Ferrari & 
Ferrari 1990)) and snakes (pygmy marmosets, Cebuella pygmaea (Soini, 1988), moustached 
tamarins, Saguinus mystax (Shahuano Tello et al. 2002)). In slightly larger titis and owl 
monkeys, active anti-predator responses seem to be quite rare, with only few reports 
available (owl monkeys, Aotus azarae: Savagian and Fernandez-Duque, 2017; C. nigrifrons: 
Cäsar et al., 2012). This might be explained by the differences in group size, with the range of 
4–20 in callitrichids and only 2–7 in titi and owl monkeys. The small groups size and relatively 
large proportion of immature individuals in titi and owl monkeys probably mainly reinforce 
cryptic, rather than active anti-predator responses (Ferrari 2009). 
Interestingly, although titis are known to produce referential alarm calls, with acoustically 
distinct variants given to terrestrial or aerial threats (Cäsar & Zuberbühler 2012), we could 
not differentiate between different types of calls by listening. 
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Active male involvement in the antipredator behaviour 
During 4 out of 10 encounters described here, the adult males were involved in active anti-
predator behaviours more than other group members: the alarm calling was initiated by adult 
males and joined by other group members only later. During the tayra encounter, the male 
was calling and approaching the tayra for more than 20 minutes, while the female continued 
feeding and only shortly joined the male in alarm calling several times. The females, in 
contrast, did not initiate the alarm calling or other anti-predator responses on any of the 
observed encounters. Similar findings were reported by (De Luna et al. 2010), who observed 
adult males initiating alarm calling on encounters with tayras. 
In contrast to De Luna et al., 2010, where active antipredator behaviours were only observed 
in the presence of infants, only one of the encounters described here happened in the 
presence of an infant (unidentified hawk, 19 September2018). On this occasion, the male 
carrying the infant, although emitting alarm calls, did not approach the predator, but hid in 
the dense part of the tree. All other encounters, including two involving mobbing a predator, 
happened in the absence of infants. 
One of the hypotheses for the evolution and maintenance of pair-living and pair-bonding 
suggests that it developed as a result of selection for male services, such as direct infant care, 
protection against predators, or infanticide prevention (e.g., van Schaik and Dunbar, 1990). 
So far, it is unclear if any significant risk of male infanticide exists in titi monkeys. However, 
extensive male care combined with more active male involvement in defense in titi monkeys 
suggests that male services such as direct infant care and protection against predators might 
have played a role in evolution or maintenance of pair-living and pair-bonding in this species. 
Reactions to capuchin and squirrel monkeys 
On multiple occasions, we observed the titis fleeing and hiding from squirrel monkey (S. 
cassiquiarensis) groups. It might appear an odd behaviour, since squirrel monkeys are mainly 
frugivorous and insectivorous and have never been reported hunting on primates (Defler 
2004). However, squirrel monkeys often form mixed species troops with capuchin monkeys 
(Podolsky 1990). Capuchin monkeys are known to capture mammals (Fedigan 1990; 
Fragaszy et al. 2004) and have been directly observed hunting titi monkeys (Lawrence 2007; 
Sampaio & Ferrari 2005). Fear reaction to squirrel monkeys is probably explained by titi 
monkeys associating the presence of squirrel monkeys with the presence of capuchin 
monkeys. A similar avoidance of and fleeing from squirrel monkeys has been observed in 
moustached (Saguinus mystax) and black-fronted tamarins (Leontocebus nigrifrons) at EBQB 
(EWH, personal observations). 
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Interestingly, we never observed the titis emitting alarm calls on encounters with capuchin 
or squirrel monkeys. Since capuchin monkeys, unlike cats or snakes, do not hunt by ambush, 
passive response such as fleeing and hiding might be more advantageous on encounters with 
this predator. 
6. Conclusions 
Active antipredator responses described here indicate that, despite their generally cryptic 
behaviour, titi monkeys’ responses to predators are not always passive, as had been long 
assumed. During 4 out of 10 encounters, adult males showed more active antipredator 
responses than females or other group members. Our observations put the previous 
suggestion by (De Luna et al. 2010) on a broader base, namely that protection against 
predators might have played a role in evolution and maintenance of pair-living and pair-
bonding in this species. 
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CHAPTER 7: GENERAL DISCUSSION 
The preceding chapters combined genetic and behavioral data to examine if social monogamy 
in coppery titis is translated into genetic monogamy and which proximate mechanisms 
maintain this social system. In this chapter, I will first summarize the major findings of this 
thesis. Second, I will bring the different aspects of titis’ social system together and discuss the 
relationships between them. Finally, I will review potential directions for future research. 
7.1. Summary of major findings 
Genetic monogamy, mate choice and dispersal patterns 
Although titi monkeys are often considered a textbook example of a “monogamous” primate, 
their mating system had not been studied in any wild population until now. My analyses of 
paternity in 18 offspring of nine family groups found no cases of extra-pair paternities (EPP), 
although one paternity remained unassigned. This indicates that titis in our study population 
are mostly genetically monogamous or have very low rate of EPP. To investigate the 
mechanisms of the genetic monogamy maintenance, I examined if mate choice was based on 
relatedness or heterozygosity. Relatedness between mating partners in ten observed pairs 
did not differ from the average relatedness in randomly generated pairs, indicating the 
absence of active inbreeding avoidance via mate choice. I did not find evidence for 
heterozygosity-based mate choice either, as the heterozygosity of mating partners was not 
correlated. Despite the absence of evidence for active inbreeding avoidance via mate choice, 
pair mates were on average not related (mean r = -0.033) and never shared the same mtDNA 
haplotype. To see if low relatedness between mates could be explained by natal dispersal, I 
analyzed spatial genetic structure of the study population. I showed that dispersal was most 
likely opportunistic, with both sexes migrating over varying distances. These results indicated 
that even opportunistic dispersal, as long as it is unconstrained, can be sufficient to prevent 
inbreeding and thus render active inbreeding avoidance via mate choice unnecessary. 
Pair bond and the mechanisms of its maintenance 
Social monogamy and its behavioral correlates are increasingly recognized as consequences 
of a trade-off between male and female reproductive strategies. To examine the role of males 
and females in the maintenance of pair living and pair bonds, I analyzed the contributions of 
both pair mates to grooming and proximity maintenance within pairs and to the territorial 
defense in seven titi pairs. Females were more active in controlling proximity, making most 
of the approaches and leaves within pairs. Females also groomed males more than the males 
groomed them, and there was a prominent difference in grooming reciprocity between the 
periods before and after infant birth. Before infant birth, grooming was roughly reciprocal, 
but during the infant dependency period, females groomed males more than twice as much 
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as males groomed them. This skew resulted from males considerably reducing the amount of 
grooming directed at females after infant birth, while the females maintained their grooming 
effort almost at the same level. Males, on the other hand, contributed more than females to 
the territorial defense. They participated in more intergroup encounters than females and 
were more active during these encounters, chasing the opponents and calling more often than 
did females. Together, these results suggest that females contribute to the maintenance of 
proximity and affiliation within pairs “in exchange” for services provided by males, such as 
infant care and territorial defense. This effect is especially pronounced during the infant 
dependency period, when male services are most needed. 
Biparental care and its effects on the caring adults 
After showing that infant presence affected grooming reciprocity within pairs, I further 
investigated the effects of infant care on activity and social relationships of caring adults. The 
analysis of activity budgets and diet composition of adults in seven titi groups showed that 
the effects of infant care were mostly opposite in females and males. While females fed more, 
consumed more arthropods and rested less, males fed less, consumed fewer arthropods and 
rested more after the infant birth than before. For both sexes, social time dropped 
considerably after the infant birth. Both the female strategy of “eating more” and the male 
strategy of “doing less” presumably helped to compensate for the energetic costs of infant 
care. The opposing effects were likely attributed to the increased requirements for protein-
rich food (arthropods) in lactating females, on one hand, and by incompatibility of infant 
carrying with effective arthropod foraging and vigilance in carrying males, on the other hand. 
Further, I examined the trade-offs between activity categories in lactating females to see 
which activity was used to offset the increased feeding time. I showed that lactating females 
increased their feeding time at the expense of mainly resting and, to a lesser degree, social 
time. Despite the general decrease in social time, females conserved the amount of grooming 
directed at their pair mates, indicating the importance of male services for them. 
Anti-predator behaviors  
Lastly, I documented the encounters of titis with their potential predators. These data were 
only anecdotal, as predator encounters cannot be predicted. Nevertheless, in 4 out of 10 
encounters males were more active than females in anti-predator behaviors, while the 
reverse was never observed. These findings are in line with predominantly male participation 
in territorial defense. Additionally, I documented mobbing behavior, not reported for P. 
cupreus before, and other active anti-predator reactions rarely observed in titis. Although not 
directly related to the aim of this thesis, these observations add to our knowledge about titis. 




Central for our understanding of the social system of coppery titis is their monogamous 
mating system and the roles that females and males play in its maintenance. Here, I will first 
discuss the potential costs and benefits of genetic monogamy to female and male titis and its 
proximate influences. I will then summarize the contributions of females and males to the 
maintenance of different “monogamy package” components and the factors that are most 
important for the maintenance of titis’ social system, in particular, strong pair bond, high level 
of male care and unconstrained dispersal. Lastly, I will discuss the implications my findings 
may have for our understanding of the evolution of monogamy. 
Costs and benefits of genetic monogamy 
Both males and females face trade-offs between staying faithful to their social partner and 
engaging in extra-pair copulations (EPC) (Petrie & Kempenaers 1998). The benefits of EPC 
are more obvious for males, because this way they might increase their reproductive success 
while avoiding the costs of parental care (Clutton-Brock & Parker 1992). However, the 
benefits of EPC to females are increasingly recognized, too (reviewed in, e.g., Jennions and 
Petrie, 2000; Kempenaers, 2007). They include paternity confusion to prevent infanticide, 
insurance against infertility of their social mate and indirect (genetic) benefits, expressed as 
the increased genetic quality of offspring (Petrie & Kempenaers 1998; Jennions & Petrie 2000; 
Wolff & MacDonald 2004; Sheldon 1994). Considering all these potential benefits of EPC, why 
do titis stay mostly genetically monogamous? 
First, there are costs to seeking EPC. For both sexes, these costs include aggression from same-
sex adults and the increased risk of acquiring sexually transmitted diseases, as evidenced by 
higher prevalence of sexually transmitted pathogens in more promiscuous species of birds 
and mammals (Petrie & Kempenaers 1998; Poiani & Wilks 2000; Nunn & Altizer 2006; 
MacManes 2011). For males, there is additionally a trade-off between time spent searching 
for EPC and guarding their mates from other males (Birkhead & Biggins 1987; Stutchbury & 
Morton 1995). And for females, EPC might come at a risk that a cuckolded male reduces or 
withholds infant care, as shown in many bird species (e.g., Dixon et al., 1994; Osorio-Beristain 
and Drummond, 2001). 
The link between male care and paternity, however, requires that a male is able to assess his 
paternity. This can be done by recognizing relatedness between him and offspring using 
olfactory, visual, or acoustic cues (phenotypic matching: Kazem and Widdig, 2013; Mateo, 
2017; Pfefferle et al., 2013) or simply by seeing his social mate engaging in copulations with 
other males (Whittingham & Dunn 2001). In titis, there have been no studies on kin 
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recognition. But the high degree of proximity and coordination between pair mates should 
make it easy for males to detect any extra-pair activities of their mates. 
It is unclear, however, if male titis would stop caring for infants even if they knew they were 
unrelated. One case of adoption was reported for C. nigrifrons, where an infant was moved, 
for unknown reasons, from his natal group to another group that already had an infant. A male 
provided the same amount of care to both infants and the female nursed both of them. Both 
infants survived and could not be differentiated in terms of behavior or their relationships 
with the other groups members (Cäsar & Young 2008). There is also anecdotal evidence that 
after adult replacements in P. toppini, the relationships between group members quickly 
stabilized and did not differ from those before the replacement (Rodman & Bossuyt 2007). In 
our study, there were no cases of male replacements and only one inferred case of female 
replacement. In this case, too, there was nothing unusual in the relationships between the 
group members. In Azara’s owl monkeys, Aoutus azarae, who are very similar to titis in all 
aspects of their social system, including social and genetic monogamy and very high level of 
male care, males were shown to care for unrelated infants as much as they do for their own 
offspring, and replacements of putative fathers by new males did not have any negative effects 
on infant survival (Huck & Fernandez-Duque 2012a, 2012b). All these observations suggest 
that in titis, the risk that a cuckolded male would withhold infant care is probably quite low. 
Genetic monogamy and population density 
In addition to the costs of EPC, genetic monogamy might be simply related to the lack of 
possibilities for extra-pair activities. If the animals are scarcely distributed in space, the 
encounters between them and, consequently, EPC are expected to be less likely (Westneat 
1990). Indeed, the positive relationship between population density and EPP rates was 
demonstrated in many bird studies (e.g., Brouwer et al., 2017; Westneat and Sherman, 1997). 
In domestic cats, Felis catus, mating system was shown to depend on the population density, 
influenced, in turn, by different environmental conditions (Say et al. 1999). At high population 
densities in urban environments, cats are promiscuous, while at intermediate densities in 
rural areas, males are able to monopolize several females, which results in polygynous mating 
system (Say et al. 1999). Finally, at a very low density, such as in a population of sub-Antarctic 
Kerguelen Island, cats are genetically monogamous, as it is not beneficial for males to try 
searching for and defending access to more than one female (Say et al. 2002). Similar pattern 
was demonstrated for Eurasian beavers, Castor fiber, where a lower density population living 
in a habitat with harsher climate was found to be genetically monogamous, while a higher 
density population from an area with milder climate had a low proportion of EPP (Nimje et 
al. 2019; Syrůčková et al. 2015). 
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The population density at our study site was relatively low (34 individuals/km2, lying within 
the average range of densities reported in the behavioral studies1 of undisturbed populations 
of titis: (Fernandez-Duque et al. 2020; Dacier et al. 2011; Bicca-Marques & Heymann 2013), 
likely limiting opportunities for EPC. Notably, the only published record of EPC in titis comes 
from a population of Plecturocebus ornatus (previously Callicebus moloch) with exceptionally 
high density of 406 individuals/km2 (Mason 1966). At this study site, nine family groups (28 
animals in total) inhabited a single isolated forest fragment of only 6.9 ha. For comparison, 
the average size of the home range of one group at our study site was 7.2 ha, larger than the 
whole fragment inhabited by nine groups of P. ornatus. In P. ornatus study, EPC and aggression 
between pair mates, as well as fights during the intergroup encounters, were frequently 
observed. At our study site, we observed neither of these behaviors. 
It should be mentioned that a preliminary analyses in a population of P. discolor from an 
undisturbed habitat reported three cases of EPP in a sample size of 16 offspring, although 
these data has not been published yet (Van Belle et al., 2016b, conference abstract). The 
density of this population (57 individuals/km2) was higher than that of our study population, 
the home ranges were smaller, averaging 5.0 ha (2.0–8.5), and the percentage of home range 
overlap between the neighboring groups was larger, 4.8% (0–13) (compared to 1.4% (0–4.7) 
in our study population) (Fernandez-Duque and Fiore, 2020, unpublished data). Although 
these differences are not large, it is possible that higher population density and higher home 
range overlap could account for the higher EPP rate in P. discolor. 
Population density and deviations from pair-living 
Another mechanism linking population density with the EPP rates is natal dispersal. In a 
population with high density, offspring might delay dispersal while waiting for the territorial 
vacancies to become available (Bowler & Benton 2005; Matthysen 2005; Kokko & Ekman 
2002; Emlen 1982). Delayed dispersal in saturated habitats has been demonstrated in, e.g., 
Eurasian beavers, white-handed gibbons, Hylobates lar, and fork-marked lemurs, Phaner 
furcifer (Mayer et al. 2017b; Schülke 2003; Brockelman et al. 1998; Mayer et al. 2017a, 2020). 
In some cases, delayed dispersal might even be beneficial for young animals, giving them extra 
time to mature and increasing their future chances to acquire a better territory and/or 
partner, as shown, e.g., in Eurasian beavers and Siberian jays, Perisoreus infaustus (Mayer et 
al. 2017a; Ekman et al. 1999). But most often, delayed dispersal in pair-living animals also 
 
1 Traditional population census methods, e.g., line transects, were shown to strongly underestimate population 
densities of elusive and cryptic species, such as titis (Dacier et al. 2011). For this reason, for the comparisons 
here, I use population density estimations based on the home range sizes obtained in behavioral studies; the 
same method was sued to estimate the population density at our study site. This method was shown to be the 
most reliable for estimating population densities in diurnal primates (Hassel-Finnegan et al. 2008). 
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means delayed reproduction, because offspring will usually not mate with their parents to 
avoid inbreeding (Emlen 1982; Bowler & Benton 2005). 
This might change, however, if an opposite-sex parent is replaced by an unrelated adult, 
providing the offspring with the breeding opportunities within their natal group (Emlen 
1982). If adults then tolerate the offspring breeding in their natal group, deviations from pair-
living might occur, as shown, e.g., in sakis, Pithecia spp. and swift foxes, Vulpex velox (Kitchen 
et al. 2006; Norconk & Setz 2013; Van Belle, Fernandez-Duque, et al. 2016; Porter et al. 2017). 
The link between adult replacements and delayed dispersal was even demonstrated 
experimentally in pair-living white-footed mice, Peromyscus leucopus, where the removal of 
the opposite-sex parent lead to the delayed offspring dispersal (Wolff 1992). However, 
replacements do not always have this effect. For example, in Azara’s owl monkeys, offspring 
never reproduced in their natal groups and did not delay dispersal after the replacement of 
same-sex parent (Huck & Fernandez-Duque 2012a; Corley et al. 2017). Rather, long-term data 
indicated increased local mate and resource competition between offspring and same-sex 
parent after replacements, indicating that in owl monkeys, offspring were unlikely to benefit 
from delayed dispersal even after parent replacement. This was supported by a case report 
of a young male who delayed dispersal after the replacement of adult female in his group. 
After trying to copulate with his step-mother, the male was vigorously attacked and evicted 
by his putative father (Huck & Fernandez-Duque 2012a). 
It is unclear if deviations from pair-living occur in titis. In our study population, group size 
was never more than five, and subadults dispersed shortly before or after the birth of a new 
infant. There are a few reports of groups with more than two adult-size individuals in other 
titis species, most of them from the studies in isolated forest fragments or larger fragments 
with high population density (Felton et al. 2006; Cäsar et al. 2012; Bicca-Marques et al. 2002). 
At the same time, a survey of 43 P. ornatus groups living in forest fragments with high 
population densities did not find groups with more than two adults (Wagner et al. 2009), 
while a Callicebus personatus group with three adult-sized animals was reported in an 
undisturbed habitat (Price & Piedade 2001). These findings suggest that dispersal can be 
additionally mediated by factors other than population density. In any case, in the absence of 
genetic and long-term demographic data, it is not possible to tell if the extra adult-size 
individuals from these reports were breeding adults or non-breeding offspring. There is only 
one detailed observation of delayed dispersal in titis, in which a young P. discolor male 
returned to his natal group one month after dispersal and remained there for almost two 
years beyond the age of adulthood (Van Belle, Fernandez-Duque, et al. 2016). Notably, this 
happened after the immigration of an unrelated female, and the male was seen mounting the 
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female. However, he did not copulate with her and eventually dispersed. None of the offspring 
observed in this study (three groups monitored for 12 years) bred in their natal groups, either 
(Van Belle, Fernandez-Duque, et al. 2016). These observations suggest that in some cases 
offspring in titis may delay dispersal but are not very likely to reproduce in their natal groups. 
Dispersal and floaters 
When individuals cannot reproduce in their natal groups, they have three options available 
to them (Greenwood 1980; Kokko & Ekman 2002; Emlen 1982). First, they can stay as non-
reproducing helpers, which might eventually lead to the formation of cooperatively breeding 
groups. Second, they can move to a territory adjacent to their natal home range if it happens 
to be vacant, as was observed in this study (Chapter 3). Finally, they can disperse and become 
floaters in search of territories. 
Floaters, solitary non-territorial individuals ranging over a wide area after having dispersed 
from their natal groups, have been reported for many mammal species, including titis’ closest 
pair-living relatives, sakis and owl monkeys (Fernandez-Duque & Huck 2013; Huck & 
Fernandez-Duque 2012a; Thompson & Norconk 2011; Di Fiore et al. 2007). To reproduce, 
floaters can either find a vacant territory, fill a vacancy left by a death of a same-sex resident 
animal or forcefully replace the same-sex resident animal (Emlen 1982; Kokko & Ekman 
2002). In Azara’s owl monkeys, where floaters have been extensively studied, they were 
shown to frequently replace resident individuals, often by challenging and evicting them from 
their groups (Fernandez-Duque & Huck 2013; Huck & Fernandez-Duque 2012a). 
Alternatively, floaters may copulate with residents without trying to acquire a territory, but 
this seems to happen much less frequently than one might intuitively expect. Most studies on 
mammals and birds indicate that extra-pair offspring are usually sired by neighboring 
individuals, not floaters (e.g., Barelli et al., 2013; Nimje et al., 2019; Petrie & Kempenaers, 
1998). Although, some evidence indicate that male floaters sometimes sire offspring, too (e.g., 
in alpine marmots, Marmota marmota: Cohas, Yoccoz, Da Silva, Goossens, & Allainé, 2006; 
golden-cheecked gibbons, Nomascus gabriellae: Kenyon, Roos, Binh, & Chivers, 2011). In 
birds, female floaters were also shown to sometimes reproduce via brood parasitism (e.g., in 
European starlings, Sturnus vulgaris: Sandell & Diemer, 1999). However, in mammals, female 
floaters probably would not be able to raise offspring without a territory. Therefore, in most 
cases, floaters will have to become residents to be able to reproduce. 
In titis, only anecdotal reports of floaters exist (Lawrence 2007; Rodman & Bossuyt 2007; 
Bossuyt 2002; Palacios et al. 1997; Wright 2013). In a 12-years long study on P. discolor, 
several female replacements and one possible male replacement were observed; in all cases, 
the breeding positions vacated after the disappearance of adults were promptly occupied by 
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immigrants (Van Belle, Fernandez-Duque, et al. 2016). In contrast to the owl monkeys, no 
evictions by intruding floaters were observed. In our study population, there was only one 
case of inferred female replacement, and we never noticed any intruders. However, after the 
dispersal of a young male from his natal home range to an adjacent area, he was seen with a 
female mate already on the next day, suggesting that there must be some individuals floating 
around and waiting for the breeding opportunities to emerge. Solitary individuals can be very 
difficult to detect in the field (Fernandez-Duque & Huck 2013), and probably even more so in 
animals as shy and secretive as titis. Moreover, in Azara’s owl monkeys, floaters were shown 
to stay at the edge of groups’ home ranges, avoiding the core areas (Huck & Fernandez-Duque 
2017). If floaters in titis behave the same way, it would make them even more difficult to 
notice. Therefore, it seems likely that there are at least some floaters in titi populations. It 
remains unclear why, despite all the similarities between titis and owl monkeys, no evictions 
by floaters have been reported in titis, not even in the 12-years long study. Possibly, evictions 
happen so infrequently that more data will be needed to detect them. 
Here, it is important to note two points. First, if floaters exist in a population, density values 
obtained from home range sizes, including the value reported in this study and in other 
studies used for comparison here, are likely to be underestimated. Second, adult 
replacements by floaters (or any other individuals) can create groups that do not consist of 
biological parents and their offspring, leading to the apparent deviations from genetic 
monogamy even in the absence of EPC. In my study, one paternity remained unassigned. 
Assuming it was not just a product of genotyping error, it could result either from EPC or from 
male replacement after the birth of the offspring. Therefore, when examining mating patterns 
of titis or other pair-living animals, it is crucial to have long-term demographic data to be able 
to distinguish between cases of EPP and serial monogamy. 
Inbreeding avoidance and dispersal 
One of the ultimate reasons for dispersal, in addition to the avoidance of mate and resource 
competition, is inbreeding avoidance (reviewed in Bowler and Benton, 2005). In our study 
population, dispersal appeared to be sufficient to avoid inbreeding. This was indicated by the 
low mean relatedness between the pair mates despite the lack of evidence for active 
inbreeding avoidance via mate choice. Low relatedness between mates in the absence of 
active inbreeding avoidance has been demonstrated in many other mammals and birds (e.g., 
Hansson et al. 2007; Geffen et al. 2011). In fact, very few of the numerous studies on mate 
choice in birds have documented active inbreeding avoidance via mate choice (reviewed in 
Jamieson et al., 2009). It has been suggested that when dispersal results in low probability of 
encountering close kin, active inbreeding avoidance might not be necessary (Jamieson et al. 
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2009; Hansson et al. 2007).  In this case, kin discrimination mechanisms will not evolve, and 
low inbreeding levels that occasionally occur in such systems will be tolerated. For example, 
in grey wolves, Canis lupus, and arctic foxes, Vulpes lagopus, mating outside of natal groups 
was random with regard to relatedness; importantly, it was the case not only in outbred 
populations with low kin encounter rate, but also in inbred populations (Geffen et al. 2011). 
Since historically grey wolf and arctic fox populations were large and spanned vast areas, kin 
encounter rates and inbreeding risk were likely low. Consequently, the mechanisms of 
inbreeding avoidance by kin discrimination did not evolve, explaining why individuals still 
mate randomly in respect to relatedness in populations that recently became inbred (Geffen 
et al. 2011). In some cases, the lack of mechanisms for inbreeding avoidance via kin 
discrimination can lead to very high levels of inbreeding if the populations become 
fragmented or isolated, as shown, for example, in koalas, Phascolarctos cinereus, and bighorn 
sheep, Ovis canadensis (Rioux-Paquette et al. 2010; Schultz et al. 2020; Jamieson et al. 2009). 
Our study population was neither fragmented nor isolated, which presumably helped to keep 
the kin encounters rate at a low level and ensured passive inbreeding avoidance. 
Additionally, inbreeding may occur not because it cannot be avoided, but because the costs of 
being choosy are higher than the costs of inbreeding itself (Jamieson et al. 2009). For example, 
in pair-living or cooperatively breeding species, acquiring a territory may be more important 
than inbreeding avoidance, and in species with low survival rates the costs of foregoing 
matings to avoid inbreeding may be higher than the costs of inbreeding itself (Keller & Arcese 
1998; Jamieson et al. 2009). This trade-off may promote random mating even when kin 
encounter rates are high. In our study population, one pair consisted of second-degree kin, 
suggesting that low inbreeding levels might be tolerated in titis. However, the data was not 
sufficient to determine whether it was a result of the trade-off between choice for a partner 
vs. choice for a territory or a consequence of the lack of kin discrimination mechanisms. To 
see if titis indeed lack mechanisms for inbreeding avoidance via kin discrimination or if they 
only mate randomly in undisturbed populations, it will be necessary to compare mating 
patterns and inbreeding levels in continuous vs. fragmented or isolated populations.  
Genetic monogamy, pair bond and mate guarding 
In addition to population-level factors, EPP rates are influenced at the more proximate level 
by the relationships between pair mates, or pair bonds. While a strict definition of the pair 
bond requires that it is characterized by behavioral, emotional, and endocrinological 
characteristics, such as physiological distress upon separation (Hinde et al. 2016), in practice 
such confirmation is rarely possible. In the field studies, pair bond is usually assessed by the 
degree of spatial cohesiveness, coordination and affiliation of the pair mates or by the 
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exchange of services between mates (Fuentes 2002; Hinde 1983; van Hooff & van Schaik 
1992). A high degree of cohesiveness and coordination between pair mates, or strong pair 
bond, is expected to facilitate mate guarding and thus limit the opportunities for EPC, keeping 
EPP at low levels (Brotherton & Komers 2003; Huck et al. 2014). Especially successful mate 
guarding can lead to strict genetic monogamy, as shown, for example, in Kirk’s dik-diks, 
Madoqua kirkii (Brotherton & Komers 2003; Brotherton et al. 1997). 
Mate guarding is most commonly defined as a male behavior preventing a receptive female 
from copulating with other males by maintaining close proximity with her (Birkhead 1995; 
Alberts et al. 1996), although the term has been used differently by other authors (reviewed 
in Manson, 1997)2. Thus, strictly speaking, mate guarding should only occur during the period 
of female fertility, i.e., around ovulation. My dataset was not sufficient to determine if male 
titis exhibit mate guarding in this strict sense, as the time of ovulation of the study females 
was not known. In three groups (Groups 1, 4 and 5), the males closely followed their mates 
on the same days when they were seen copulating. This following behavior was also reported 
in captive P. cupreus males (Anzenberger 1988). However, the females on these days were 
closely following their mates, too, and soliciting copulations from them. On several occasions 
in Group 5, the male was observed to withdraw from the soliciting female and leave. 
Therefore, it was difficult to determine if the males were specifically following and guarding 
the females or if both pair mates were equally interested in maintaining proximity. In many 
mammals, mate guarding additionally include more aggressive behaviors. For example, in 
Kirk’s dik-diks, males vigorously fight with the male intruders and aggressively chase the 
females back to their home ranges if they cross the border (Brotherton & Komers 2003). In 
this study, such behaviors were never observed. However, anecdotal evidence from other titi 
species indicate that agonistic interactions can occur if females actually try to engage in EPC. 
In P. ornatus, a male was observed to interrupt female’s copulations with a neighboring male 
and to restrain her when she tried to move away, and in P. toppini, a male repeatedly attacked 
a female when she was trying to copulate with a neighboring male (Lawrence 2007; Mason 
 
2 An interesting question is whether females can guard males, too. In pair-living animals, males are expected to 
guard their mates more than females because of the higher costs of pair mate infidelity for males (Westneat & 
Stewart 2003; Hosken et al. 2009; Birkhead & Biggins 1987; Trivers 1972). A cuckolded male might lose the entire 
reproductive season or waste costly care at unrelated young, while a female does not risk much given that a 
male continues to provide infant care or other services. Indeed, examples of female mate guarding are rare and 
in most cases, seem to be a result of females trying to monopolize resources or infant care available to their 
young (Hosken et al. 2009). For example, burying beetles, Nicrophorus defodiens, lay eggs in carcasses, and the 
resident female prevents her pair mate from attracting additional females to carcasses, because their presence 
would reduce resources and male care available for her larvae (Eggert & Sakaluk 1995). Another example is a 
European starling, Sturnus vulgaris, where females interrupt the attempts of their pair mates to attract extra 
females because monogamously mated males provide significantly more help to females in incubating eggs and 
feeding nestlings than polygynous males (Eens & Pinxten 1995). 
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1966). In both these studies, the competing males also engaged in contact aggression 
(physical fights) during  the intergroup encounters, which otherwise happens very rarely in 
titis and was never observed in this study (Bossuyt 2002; Wright 1984; Robinson 1979). 
Apart from mate guarding in the strict sense, males in some species seem to “guard” the 
females also beyond their fertility period. For example, in Kirk’s dik-diks, males maintain 
close proximity with females and chase them back to their home ranges not only during 
estrus, but year-round (Brotherton et al. 1997). Presumably, this way the males advertise the 
paired status of the females, reducing the risk of male territorial challenges, and maintain pair 
integrity, preventing the females from switching territories (Brotherton et al. 1997). Existing 
evidence suggests that in titis, too, males maintain pair integrity beyond periods of female 
fertility. In captivity, P. cupreus males consistently showed more agitation and distress than 
females in the presence of same-sex strangers (Anzenberger 1988; Cubicciotti & Mason 1978; 
Mendoza & Mason 1986; Fernandez-Duque et al. 2000). In field studies, males participated in 
the intergroup encounters more often and more actively than females and were the first to 
initiate calling in response to simulated (via playbacks) intruders (Lawrence, 2007; Robinson, 
1981; Wright, 1984; this study). Finally, my observations suggest that males might be 
unwilling to lose track of females, as males usually showed more signs of distress when 
separated from their mates than females. These observations, however, were only qualitative 
and will have to be substantiated by quantitative data collection. Additionally, both in this 
study and in P. toppini, males followed the females more often than otherwise during traveling 
(69% of recorded group travel sequences in this study, unpublished datal; Wright, 1984), 
which might also indicate that males try to keep females in sight. 
Summing up, the evidence for mate guarding in the strict sense remains inconclusive in titis. 
However, the available data suggest that males maintain the integrity of pairs via territorial 
defense year-round, not only during the female fertile periods. 
Territorial defense, mate guarding and resource defence 
Mate guarding and the maintenance of pair integrity are not the only functions of territorial 
defense. Like pair bond, territorial defense can have several purposes, and these purposes are 
not necessarily the same for females and males. Early hypotheses suggested that females 
should mainly defend resources, while males should defend mates (“food resource defense” 
and “mate defense” hypotheses). This was based on the consideration that female 
reproductive success is mainly constrained by the access to resources, while male 
reproductive success is constrained by the access to mates (Emlen and Oring, 1977; van 
Schaik and Dunbar, 1990; Trivers, 1972; Wrangham, 1980). However, more recently, it was 
suggested that these functions of territorial defense do not have to be mutually exclusive 
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(Fashing 2001). While driving away competitors as part of mate guarding, males may at the 
same the same time defend the territory with resources (“direct mate defense” hypothesis). 
Alternatively, when defending a territory with resources, a male might simultaneously guard 
his mate (“indirect mate defense” hypothesis) (Fashing 2001). In both scenarios, females 
might also participate in resource defense, albeit at lower rates than males. Both hypotheses 
predict that males will display more territorial behaviors than females, especially when 
females are fertile. The “indirect mate defense” hypothesis additionally predicts that males 
will display more territorial behaviors in the intensively used parts of their home range and 
will defend their pair mates year-round, not only when they are fertile (Fashing 2001). 
My dataset was not sufficient to systematically test these hypotheses. Intergroup encounters 
were too rare, with less than one encounter per week in one group on average; two of the 
seven observed groups did not engage in the encounters at all during the study period. In 
addition, female fertile periods were unknown. Still, my observations, combined with the 
findings of other studies on titis, provide some support for the “indirect mate defense” 
hypothesis. First, in our study population and in other titi species, males were more active 
than females in the intergroup encounters, and not only when females were receptive, but 
also when they were gestating or lactating (Lawrence 2007; Robinson 1981; Caselli et al. 
2014). Second, in playback studies in P. toppini, P. discolor and C. nigrifrons, males displayed 
more territorial behaviors in the intensively used parts of the home range, as well as when 
simulated intruders were closer to their mates (Lawrence 2007; Caselli et al. 2015; Robinson 
1981). In contrast, females reacted stronger to the playbacks in the intensively used parts of 
the home range, while their reaction to the simulated intruders being close to their mates was 
weaker than that of males (Lawrence 2007; Robinson 1981). Combined with the evidence for 
stronger male than female reaction to the same-sex intruders in captive studies, these 
findings suggest that in titis, males engage in indirect mate defense via resource defense, 
while female contribute to some extent to the resource defense. Similar pattern was 
demonstrated in sakis, the closest pair-living relatives of titis (Thompson et al. 2012). 
Biparental care and monogamy 
The last important component of “monogamy package” in titis is biparental care. The 
exceptionally high level of male care in titis raises the question of why infant care is beneficial 
to males. It has been suggested that males may benefit from infant care in at least three ways. 
First, they might get direct benefits through enhanced survival of their infants (“genetic 
advantage” hypothesis: Wuensch, 1985). Second, male care may partly relieve a female from 
the energetic costs of infant care, allowing her to produce offspring at a higher rate or of better 
condition (“maternal relief” hypothesis: Woodroffe and Vincent, 1994). Finally, a male might 
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provide infant care in exchange for some benefits from a female, such as matings (“mating 
strategy” hypothesis: Smuts and Gubernick, 1992). 
The evaluation of “genetic advantage” and “maternal relief” hypotheses requires the 
comparison of infant survival in groups with and without male caretaker.  In titis, such groups 
have never been reported and would probably not exist for long, as any breeding vacancies 
are likely to be filled quickly by new adults. But there is some indirect evidence to evaluate 
these hypotheses. First, in all three cases of twinning reported in the wild, one of the twins 
did not survive beyond the age of 6 months (Knogge & Heymann 1995; Lawrence 2007; de 
Santana et al. 2014). Even in captivity, one of the infants died on the day of birth in both 
reported cases (Valeggia et al. 1999). Second, in the reported case of adoption in C. nigrifrons, 
adults cared for two infants of the same age at the same time, and both infants survived; 
however, the female did not reproduce the next year, suggesting that even if the twins can be 
successfully raised in some cases, there will be  reproductive costs for females (Cäsar & Young 
2008). These observations suggest that females might not be able to invest more in the 
offspring than they normally do. This indicates the importance of male care for infants and 
mothers, supporting both “genetic advantage” and “maternal relief” hypotheses. 
In contrast to the “genetic advantage” hypothesis, “maternal relief” and “mating strategy” 
hypotheses predict that males should care not only for their own offspring, but for unrelated 
young, too. In titis, there is no systematic data on this, but the case of adoption mentioned 
above, combined with anecdotal data on male replacements, suggest that males may care for 
unrelated infants. However, it is difficult to distinguish between these two hypotheses 
without infant survival data and maternal energy budgets in groups with and without male 
care. Existing data provide indirect support for both hypotheses. First, inter-birth intervals 
are shorter after the death of infants both in the wild and in captivity, indicating that females 
can return to reproduction faster when relieved of the costs of infant care and thus supporting  
the “maternal relief” hypothesis (Van Belle, Fernandez-Duque, et al. 2016; Valeggia et al. 
1999). In our study population, the majority of births occurred between October and 
February, but one was recorded in June, indicating that births are not strictly seasonal. 
Second, changes in the activity budgets of male caretakers suggest energetic costs of infant 
carrying. Therefore, by taking charge of infant carrying, males relieve the females from these 
costs. Given that older siblings hardly ever carry infants (there is only one field report of a 
juvenile briefly carrying a newborn in P. cupreus: Terrones Ruiz et al., 2004), females probably 
would not be able to delegate infant care to anyone else. Finally, in addition to direct infant 
care, male provide territorial and antipredator defense, allowing the mothers to spend more 
time foraging. These findings support the “maternal relief” hypothesis. However, there is also 
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some evidence supporting the “mating strategy” hypothesis. In this study, females groomed 
males more than vice versa during the infant dependency periods, suggesting that infant care 
might make males more attractive to females. Given that female titis are the same size as 
males (Heymann et al., 2012; Norconk, 2011; Smith and Jungers, 1997), females probably can 
control matings by offering or withholding them. 
Summing up, while it is difficult to distinguish between “maternal relief” and “mating 
strategy” hypotheses, the existing data suggest that in titis, both males and females benefit 
from male care. This likely helps to maintain social and genetic monogamy by creating a 
positive feedback between the increased female fecundity and male care, as suggested by a 
recent comparative phylogenetic analysis on distribution of male care in mammals (West & 
Capellini 2016). 
Implications for the evolution of monogamy in New World monkeys 
The highest levels of male care within non-human primates are found in several taxa of the 
New World monkeys (platyrrhines), namely titis, owl monkeys and callitrichines (tamarins 
and marmosets) (Huck & Fernandez-Duque 2012b). Furthermore, platyrrhines have very 
high proportion of pair-living taxa compared to other simian primates (van Schaik & Kappeler 
2003; Lukas & Clutton-Brock 2013). Titis and owl monkeys (Aotus spp.) are consistently pair-
living, and sakis (Pithecia spp.) are mainly pair-living (Fernandez-Duque et al. 2020). 
Additionally, pair-living can occur in callitrichines, although it is not their modal social 
organization (Heymann 2000; Garber et al. 2016). 
However, the taxa with pair-living and male care do not form monophyletic groups within the 
platyrrhines. Titis and sakis, together with group-living uacaris, belong to the family 
Pitheciidae; owl monkeys and callitrichines belong to the family Cebidae that also includes 
group-living capuchins and squirrel monkeys, and Cebidae forms sister group to family 
Atelidae that consists exclusively of group-living taxa (spider monkeys, woolly monkeys and 
muriquis). This raises a question about the evolutionary history of pair-living and male care 
within the platyrrhines. In particular, a matter of ongoing debate is the position of owl 
monkeys (Rosenberger & Marcelo 2013; Bjarnason et al. 2017). Titis and owl monkeys are 
remarkably similar both morphologically and behaviorally: they are socially monogamous, 
sexually monomorphic, territorial, form strong pair bonds and exhibit high level of male care 
(Fernandez-Duque and Fiore, 2020; Huck and Fernandez-Duque, 2012b; Kinzey, 1997; 
Wright, 1984). Despite all these similarities, molecular phylogenetic analyses consistently 
group owl monkeys with the Cebidae rather than the Pitheciidae to which the titis belong 
(Schneider & Sampaio 2015; Perelman et al. 2011; Valencia et al. 2019). 
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Fossil and molecular data indicate that platyrrhines originated in Africa around 43 million 
years ago and dispersed into South America during the Eocene, probably by rafting on 
budding forest islets (Silvestro et al. 2019; Oliveira et al. 2009). The ancestral state 
reconstructions suggest that the ancestor of platyrrhines was small-bodied, the size of a 
tamarin (less than 1 kg), which was probably a key factor enabling the survival of dispersers 
on floating islets, since small-bodied animals would require relatively little resources 
(Silvestro et al. 2019). The phylogenetic analysis of sociality in primates further indicated that 
this platyrrhine ancestor was likely pair-living (Kappeler & Pozzi 2019). Pair living could 
probably also facilitate the survival of animals on floating islets as they did not need as much 
resources as larger groups. The pair-living ancestry of platyrrhines is also in accordance with 
the basal position of Pitheciidae (where the majority of species are pair-living), as well as with 
the basal position of pair-living titis within Pitheciidae (Perelman et al. 2011; Valencia et al. 
2019). In agreement with the idea of pair living as a stepping stone towards the evolution of 
group living from solitary ancestors (Kappeler & Pozzi 2019), the next group to split off after 
Pitheciidae was Cebidae, consisting of pair-living owl monkeys, occasionally pair-living 
callitrichines and group-living squirrel and capuchin monkeys. Finally, the youngest radiation 
within the platyrrhines is the family Atelidae, consisting exclusively of large-bodied group-
living taxa (Perelman et al. 2011; Valencia et al. 2019). 
The pair-living ancestry of platyrrhines might explain why titis and owl monkeys are so 
similar despite their distant positions on the phylogenetic trees. In agreement with this idea, 
a recent phylogenetic analysis indicated that morphological similarities between these two 
taxa are likely a mix of the retention of ancestral platyrrhine traits and convergence 
(Bjarnason et al. 2017). The ancestral state of small body size suggested for platyrrhines 
would then mean that titis and owl monkeys underwent convergent evolution towards the 
medium body size, while the callitrichines kept small sizes throughout their evolutionary 
history (Silvestro et al. 2019). This scenario would also be consistent with both alternative 
positions of owl monkey within the Cebidae suggested by different phylogenetic analyses: a 
basal position and a position as a sister group to callitrichines (Valencia et al. 2019).  
A promising approach for the understanding of the distribution of monogamy in the 
platyrrhines is offered by the studies of the neuropeptide hormone oxytocin and its oxytocin 
receptor protein (OXTR) that are known to be involved in the expression of social behaviors 
and parental care in mammals (Vargas-Pinilla et al. 2015). It was shown that in addition to 
the conserved form of oxytocin shared by all placental mammals, platyrrhines have four 
unique oxytocin variants and substantially more mutations in the OXTR coding sequence than 
other primates (Babb et al. 2015; Vargas-Pinilla et al. 2015). One of these oxytocin variants is 
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unique for the Cebidae taxa, providing additional support for the grouping of owl monkeys 
within this family rather than within Pitheciidae (Lee et al. 2011). Given the high proportion 
of pair-living taxa in platyrrhines in comparison to other mammals, these findings suggest the 
link between the oxytocin pathway and the evolution of monogamy in primates. However, no 
specific form of OXTR was found that would discretely cluster with socially monogamous 
primate taxa, indicating that variation in oxytocin and its receptor alone does not explain 
phylogenetic patterning of monogamy in primates (Babb et al. 2015). This suggests that social 
monogamy and its correlates might be maintained and/or have evolved through different 
pathways in different taxa, not exclusively through the oxytocin pathway. 
While all comparative analyses in mammals agree that male care was most likely a 
consequence rather than a cause of social and/or sexual monogamy (Lukas & Clutton-Brock 
2013; Komers & Brotherton 1997; Opie et al. 2013), its evolutionary history in platyrrhines 
remains unclear. Despite being the closest relatives of titis, sakis do not exhibit male care 
(Fernandez-Duque et al. 2013; Norconk 2011). One possible explanation for this is the larger 
body size of sakis compared to titis and owl monkeys. In smaller-bodied taxa, male care might 
be more important because it reduces the metabolic costs of raising a relatively large 
offspring to the female (Fernandez-Duque et al. 2013). Alternatively, it was suggested that the 
absence of male care in sakis is the result of more pronounced sexual dimorphism, higher 
paternity uncertainty and more male-biased sex ratio compared to titis and owl monkeys 
(Norconk 2006; Huck & Fernandez-Duque 2012b). All these factors are expected to lead to 
more “classical” sex roles, with stronger sexual selection in males than females, which, in turn, 
should favor female-biased infant care (Kokko & Jennions 2008). By contrast, equal sex ratio, 
sexual monomorphism and high paternity certainty, as observed in owl monkeys, 
should favor the evolution of egalitarian sex roles with regards to infant care (Fernandez-
Duque & Huck 2013; Huck & Fernandez-Duque 2012b; Kokko & Jennions 2008). In titis, there 
are no long-term data on the sex ratios. However, given their sexual monomorphism and high 
paternity certainty demonstrated in this study, it seems reasonable to predict equal sex ratios 
in titis, too. This should favor egalitarian sex roles with regard to infant care, which, in turn, 
will reinforce social and genetic monogamy by providing benefits to both sexes. 
  




In this study, I showed that in coppery titis, social monogamy is translated into genetic 
monogamy (Chapter 3). My findings, together with evidence from other studies on titis, 
indicate that three factors are important for maintaining social and genetic monogamy in titis: 
strong pair bond, high level of male care and possibilities for unconstrained dispersal. The 
analyses of pair-bond maintenance mechanisms demonstrated that the females contribute 
more to the maintenance of affiliation and proximity between the pair mates, while the males 
contribute to the maintenance of pair integrity via territorial defense (Chapter 4). Both of 
these contributions likely limit the probability of extra-pair copulations and thus promote 
genetic monogamy. Hight level of male care for infants further helps to maintain social and 
genetic monogamy in titis. By relieving the female from some costs of infant care, male care 
provides benefits for both sexes. On one hand, it allows the females to forage more to 
compensate for the energetic costs of lactating, and on the other hand, it likely provides 
mating advantages to males by making them more attractive to the females, as suggested by 
female-based grooming within pairs during the periods of infant care (Chapter 5). Finally, 
both social and genetic monogamy would probably be compromised without the 
unconstrained dispersal possibilities available in an undisturbed habitat. Unconstrained 
dispersal in our study population likely allowed the offspring to search for breeding 
opportunities outside of their natal groups, preventing the deviations from pair-living which 
might result from delayed offspring dispersal. Additionally, unconstrained dispersal served 
to prevent inbreeding even in the absence of active inbreeding avoidance via mate choice, 
thus rendering extra-pair copulations unnecessary (Chapter 3). Summing up, these findings 
demonstrate that social and genetic monogamy can be influenced not only by the components 
of a species’ social system, such as pair bond and male care, but also by extrinsic factors, such 
as habitat characteristics ensuring unconstrained dispersal. While unconstrained dispersal 
helps to maintain social monogamy by preventing deviations from pair living, strong pair 
bond and male care promote genetic monogamy and further reinforce pair living by providing 
benefits for both pair mates. 
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7.3. Open questions and future research directions 
While this study sheds some light on the mechanisms of monogamy maintenance in titis, it 
leaves many questions unanswered. Some of my findings are based on unquantified or 
anecdotal observations, and although these findings cannot be used to make definite 
conclusions, they point the topics that deserve more attention in future studies. 
First, as our sample size was only 18 offspring and the maximum number of sampled offspring 
generations was five, genetic monogamy (or very low level of EPP) in coppery titis will have 
to be confirmed on a bigger, more long-term dataset. The extent of genetic monogamy in titis 
also has to be examined in populations with different densities and from different habitats: 
– Will coppery titis still have low EPP rates in fragmented or isolated populations 
where the densities are high and/or opportunities for dispersal are limited? 
–  Given that titi species inhabit a wide range of different habitats, will the species 
living in more seasonal habitats and having higher breeding synchrony have higher or 
lower EPP rates? 
In case some EPP are found, it will be possible to test if a proportion of EPP in a pair depends 
on some characteristics of one or both pair mates: 
– Are EPP more common in pairs where the mates are more related, as shown in 
Alpine marmots (Cohas et al. 2006)? 
– Are EPP more common in pairs with higher MHC-similarity between mates, as 
shown in fat-tailed dwarf lemurs (Schwensow et al. 2008)? 
– Do EPP rates increase with male and/or female age, as shown in Eurasian beavers 
(suggested to be a result of either mate choice or decreased mate guarding by older 
males) (Nimje et al. 2019)? 
– Does male success in gaining EPC depend on his age, as shown in many studies on 
birds (e.g., Bowers et al., 2015; meta-analysis: Cleasby and Nakagawa, 2012)? 
– Are EPP less common in pairs with stronger pair bonds that enable more effective 
mate guarding? 
The absence of relatedness- and heterozygosity-based mate choice in our study population, 
of course, does not mean that mate choice does not occur in titis at any level. As in other 
species, titis might choose their mates based on other factors, e.g.: 
– Is mate choice in titis based on variation in MHC loci, as shown, for example, in fat-
tailed dwarf lemurs (Schwensow et al. 2008)? 
– Is mate choice based on physical condition, such as body mass or size? 
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– Is mate choice based on the size or quality of the territory held by a potential mate? 
To better understand titis’ social system, it is crucial to know more about dispersal patterns 
and floaters. Our study individuals were not fitted with radio-collars and thus dispersing 
animals could not be tracked. The animals were not marked either, and while we could 
individually identify study animals when they were near us, we would probably not be able 
to distinguish a floater from a member of a neighboring group when seeing a solitary animal 
from the distance. Fitting pre-dispersal age animals with radio-collars and marking them 
with, e.g., bead collars, in combination with having long-term demographic data, will help to 
address the following questions: 
– How far do animals disperse and what are their movement patterns, i.e., do they 
settle on the first vacant territory or do they make forays to investigate the available 
options first? 
– Is dispersal delayed in higher-density populations as a result of limited dispersal 
opportunities? 
– Conversely, do animals disperse earlier in higher-density populations because of the 
increased local competition, meaning that individuals have better perspectives if they 
move into lower density areas where competition is reduced (Matthysen 2005)? 
– Is dispersal delayed in habitats of lower quality or productivity or in more seasonal 
habitats as a result of limited reproductive opportunities?  
– Do floaters evict resident animals as they do in Azara’s owl monkeys (Fernandez-
Duque & Huck 2013)? 
Additionally, floater numbers may be assessed by attracting the animals via playback calls 
and/or using passive acoustic monitoring (Kalan et al. 2015). 
Many questions about mate guarding and territorial behaviors could not be addressed in this 
study because intergroup encounters were infrequent and the reproductive status of females 
could not be assessed precisely. If long-term observations and data from hormone analyses 
using fecal samples become available, the following questions can be addressed: 
– Do proximity patterns within pairs change during female fertility periods? 
– Do space use patterns change during female fertility periods, e.g., do males prevent 
females from approaching the home range borders or do females approach the 
borders more to advertise their fertile status to other males? 
– Do males participate in the intergroups encounters more often or more actively 
when their pair mates are fertile or cycling, as shown in white-faced sakis, P. pithecia 
(Thompson et al. 2012)? 
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– Do males participate in the intergroups encounters more often or more actively 
when the females of the neighboring groups are fertile or cycling, as suggested by the 
interest that males showed in stranger females in captive studies on titis 
(Anzenberger 1988; Mason 1975; Fernandez-Duque et al. 1997)?  
– Do females participate in the intergroups encounters more often or more actively 
when they are fertile or cycling, as shown in Javan gibbons, H. moloch (Yi et al. 2020)? 
– Is mate guarding and/or territorial behaviors influenced by pair bond tenure, as 
suggested by captive studies on P. cupreus where pair mates reacted differently to the 
simulated intruders depending on the pair bond duration (Rothwell et al. 2020; 
Fernandez-Duque et al. 2000)? 
Finally, territorial behaviors are worth investigating with regard to the population density 
and habitat characteristics: 
– Will intergroup encounters be more frequent and/or intense at higher population 
densities, as shown, e.g., in North American red squirrels, Tamiasciurus hudsonicus 
(Dantzer et al. 2012)? 
– Alternatively, will intergroup encounters be more frequent and/or intense at lower 
population density as a result of increased dispersal and thus increased intruder 
pressure at lower population densities, as shown in Eurasian beavers (Mayer et al. 
2020)? 
– Will intergroup encounters be more frequent in groups inhabiting home ranges of 
higher quality because the resident animals would have more to defend? 
– Alternatively, will the encounters be more frequent in groups inhabiting home 
ranges of lower quality because the resident animals would have more to lose? 
– In either case, will the pair bond become stronger if the intergroup encounters occur 
more often as the response to the increased threat to the pair integrity? 
Many key aspects of titis’ social system, such as the relationship between adult sex ratio, intra-
sexual competition, mating system and reproductive success, can only be understood with the 
help of long-term data spanning multiple generations and groups of animals. Hopefully, this 
study, being the “first-generation” cross-sectional research on coppery titis at our field site, 
can be the starting point for collecting these long-term data. Finally, comparative studies of 
social systems of “monogamous” Neotropical primates — titis, sakis, and owl monkeys — will 
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Supplementary information to Chapter 3 
Table S1. Information on the study groups and study individuals and parentage analysis results. Adult male and female of each group are highlighted in bold. Individuals for 
















(Delta score from 
Cervus analysis) 
Assigned father 
(Delta score from 
Cervus analysis) 
1 1997 7.81 Moody Male Present from the beginning**  A   
   Pomfrey Female Present from the beginning  B   
   Snape Male 
Present from the beginning until Sep 
2018  B 
Pomfrey 
(9.61E+00) Moody (9.11E+00) 
   Hermione Female 
Present from the beginning until 
August 2019  B 
Pomfrey 
(6.60E+00) Moody (4.54E+00) 
      Neville Male Born 05/06/2018*** Yes B 
Pomfrey 
(1.23E+01) Moody (9.77E+00) 
2 Sep-17 3.60 Bill Male Present from the beginning  C   
   Fleur Female Present from the beginning  D   
      Victoire Male Born 26/10/2018 Yes D Fleur (9.31E+00) Bill (1.96E+01) 
3 Oct-17 6.44 Lucius Male Present from the beginning  E   
   Bellatrix Female Present from the beginning  B   
   Dolores Female 
Present from the beginning until Sep 
2019  B 
Bellatrix 
(9.05E+00) Lucius (7.33E+00) 
   Sybill Female Born Aug 2017 Yes B 
Bellatrix 
(1.11E+01) Lucius (6.17E+00) 
      [Norris] Female Born 11/11/2018 Yes NA     
4 Jun-18 10.10 Remus Male Present from the beginning  F   
   Rowena Female Present from the beginning  G   
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      Hedwig Female Present from the beginning   H NA Remus (1.23E+01) 
5 Aug-18 4.52 Hagrid Male Present from the beginning  B   
   Minerva Female Present from the beginning  I   
   Buckbeak Male 
Present from the beginning until July 
2019  I 
Minerva 
(5.08E+00) Hagrid (1.05E+01) 
      Dobby Female Born 20/02/2019 Yes I 
Minerva 
(5.46E+00) Hagrid (9.68E+00) 
6 Aug-17 10.09 Arthur Male Present from the beginning  B   
   Molly Female Present from the beginning  E   
   Gabriel Male 
Present from the beginning until Sep 
2017  E Molly (1.42E+01) Arthur (1.95E+00) 
   Fred Male Present from the beginning  E Molly (1.17E+01) Arthur (3.71E+00) 
   George Male Present from the beginning  E Molly (9.75E+00) Arthur (5.40E+00) 
   Ron Male Born 05/10/2017 Yes E Molly (1.03E+01) Arthur (5.13E+00) 
   Ginny Female Born 10/10/2018 Yes E Molly (3.45E+00) Arthur (3.80E+00) 
      [Rose] NA Born Aug 2019   NA     
7 Jul-18 7.91 Rolf Male Present from the beginning  J   
   Luna Female Present from the beginning  E   
      [Lorcan] NA 
Born Nov 2018, disappeared 
summer 2019    NA     
8 Aug-18 3.96 Newt Male Present from the beginning  E   
   Tina Female Present from the beginning  K   
      Harry Male Present from the beginning   K Tina (8.76E+00) Newt (1.19E+01) 
9 Aug-18 4.14 Dean Male Present from the beginning  K   
   [Parvati] Female Present from the beginning  NA   
   Cho Female Present from the beginning  L NA Dean (8.37E+00) 
      Cedric Male Present from the beginning   L NA Dean (1.32E+01) 
10 Jul-18 10.31 Albus Male Present from the beginning  M   
   Augusta Female Present from the beginning  N   
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11 Sep-18 4.11 Snape Male 
Subadult from Group 1, dispersed 
and established a new territory with 
Narcissa in Sep 2018 (see main text)  B 
Pomfrey 
(9.61E+00) Moody (9.11E+00) 
      Narcissa Female 
Appeared in the study area shortly 
after the dispersal of Snape   F NA NA 
12 Dec-17 12.98 [Binns] Male Present from the beginning  NA   
   Hooch Female Present from the beginning  G   
   [Sprout] NA Present from the beginning  NA   
      [Gilderoy] NA Present from the beginning   NA     
13 Jul-18 7.62 [Vernon] Male Present from the beginning  NA   
   Petunia Female Present from the beginning  A   
      [Dudley] NA Present from the beginning   NA     
14 Jun-18 NA 
Voldemor
t Male Present from the beginning  M   
      [Tom] Female Present from the beginning   NA     
 
* Estimated using the 95% fixed kernel density method with ArcGIS Desktop 10.6 (ESRI) 
** Data collection started in June 2017 (see the main text) 
*** Dates of birth estimated as the midpoint between the dates when a group was last seen without and first seen with an infant. The difference between these dates varied 








Spatial autocorrelation analysis: supplementary results 
 
Table S2. Results of spatial autocorrelation analysis following Smouse and Peakall (Smouse & Peakall 1999) for females and males separately. Shown are the maximum 
pairwise geographic distances for each distance class, correlation coefficient r, the number of animals in each distance class and lower (r.l) and upper (r.u) bounds for the 
95% confidence interval of r, obtained by bootstrapping. 
Females Males 
Distance class, m N animals r r.l r.u Distance class, m N animals r r.l r.u 
299.4 6 -0.0830325 -0.2542848 0.21937966 292.8 4 -0.2349362 -0.3567092 0.13736895 
598.8 18 -0.0981039 -0.2324864 0.02939302 585.6 14 -0.1058502 -0.2257818 0.01909891 
898.2 36 -0.0773378 -0.1769578 -0.0002104 878.4 22 -0.1169571 -0.2111225 0.01247317 
1197.6 26 -0.0978059 -0.1831366 0.03261151 1171.2 14 -0.0903676 -0.2124641 0.00493281 
1497 12 -0.1212871 -0.240429 0.07607147 1464 12 -0.068062 -0.2449801 0.0480202 
1796.4 10 -0.063905 -0.2753533 0.08319532 1756.8 6 -0.104962 -0.2914423 0.18519218 
2095.8 0 NA NA NA 2049.6 4 -0.029389 -0.2991212 0.24345271 
2395.2 8 -0.1285922 -0.2708487 0.14497517 2342.4 12 -0.0757605 -0.2306265 0.04671697 
2694.6 6 -0.1145511 -0.2889671 0.11391038 2635.2 8 -0.0743862 -0.2061112 0.07836299 




Fig. S1. Autocorrelation coefficient r, calculated following Smouse & Peakall (1999) for females (A) and males (B) separately, for each distance class. Dotted line represents lower 
and upper bounds for the 95% confidence interval of r, obtained by bootstrapping.
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Microsatellite genotyping: supplementary methods 
As published microsatellite loci for titi monkeys (Mendoza et al. 2015; Menescal et al. 2009; 
Martins 2015) revealed unreliable results for our study species, we established a new set of 
27 di-repeat microsatellite loci that can be applied not only for our study species but for all 
New World monkeys (Tables S31, S4). Therefore, we screened 450 bacterial artificial 
chromosome (BAC) clones of Plecturocebus moloch (as representative of the Pitheciidae and 
thus most basal family among New World monkeys) available in Genbank for microsatellites 
using RepeatMasker (http://www.repeatmasker.org) and extracted orthologous regions 
(microsatellite plus 1000 bp flanking regions) from the four available New World monkey 
genomes (Callithrix jacchus calJac3/ASM275486v1, Saimiri boliviensis boliviensis SaiBol1.0, 
Cebus capucinus imitator Cebus_imitator-1.0, Aotus nancymaae Anan_2.0) available at the 
UCSC Genome Browser (https://genome.ucsc.edu) and the Ensemble webpage 
(https://www.ensembl.org/index.html). Only loci with length variation in the microsatellite 
repeat among the five New World monkey species were selected for further analysis. Further 
selection criteria were: 1) loci are on different chromosomes according to the Callithrix 
jacchus genome, 2) primers bind in conserved flanking regions of the microsatellite, 3) 
primers do not bind in repeat regions such as Alu elements, and 4) primers are close to the 
microsatellite to minimize amplicon size, thus allowing amplification from low-quality DNA 
samples. In total 27 loci fulfilled these criteria. Primers were designed to carry adapter 
nucleotide sequences at their 5’ ends (forward primer: 5’-ACACTCTTTCCCTACACGACGCTCT-
3’; reverse primer: 5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’) to simplify library 
preparation for genotyping by sequencing on Illumina’s MiSeq desktop sequencer. 
We then tested if the primers are locus-specific and if these loci can be universally amplified 
across New World monkeys by conducting singleplex PCRs with each one representative of 
all New World monkey families and subfamilies (Pitheciidae-Callicebinae: Plecturocebus 
cupreus, Pitheciidae-Pitheciinae: Chiropotes satanas, Atelidae-Alouattinae: Alouatta seniculus, 
Atelidae-Atelinae: Ateles fusciceps, Aotidae: Aotus azarae, Cebidae-Cebinae: Sapajus 
xanthosternos, Cebidae-Saimirinae: Saimiri boliviensis, Callithrichidae: Callimico goeldii). 
Therefore, we used high-quality DNA extracted from blood or tissue samples available in the 
Gene Bank of Primates at the German Primate Center. PCR reactions were performed with the 
Qiagen Multiplex PCR Kit (Qiagen) in a total volume of 25 L and containing 12.5 L 2x 
Multiplex Master Mix, 0.5 L (0.2 M) of each primer, 1 L (ca. 20 ng) of DNA and 10.5 L of 
RNase-free water. Amplifications were performed with initial denaturation at 95°C for 15 
min, 40 cycles of denaturation at 94°C for 30 sec, annealing at 57 °C for 1.5 min, extension at 
 
1 Genotypes not provided here because of space limitations. 
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72 °C for 1 min and a final extension at 60°C for 30 min. PCR products were checked on 1.5% 
agarose gels together with non-template controls and size standards. 
Next, we checked if all 27 loci can also be amplified in a single multiplex PCR reaction. 
Therefore, we again used the eight high-quality DNA extracts and applied the methods (PCR 
amplification, gel electrophoresis, purification steps, indexing PCR, sequencing on MiSeq 
platform, data analysis with CHIIMP software) as outlined in the main text. We also checked 
if the amplification would be more successful when using 3 separate multiplex reactions with 
the following primer pools: chr01b–chr07a, chr08a–chr12a, chr12b–chrXa (the order is the 
same as in table S3; reaction details are provided in the main text). The results of these runs, 
both for the total and 3 separate multiplex reactions, are provided in table S3. Loci chr11f and 
chr16b failed to amplify in all samples, and loci chr96a and chr06b were amplified in less than 
half of the samples; the rest of the loci amplified in at least half of the samples. The number of 
successfully amplified loci varied from 16 (Callimico goeldii and Chiropotes satanas) to 25 
(Sapajus xanthosternos, Saimiri boliviensis). Using 3 separate multiplex PCR reactions in most 
cases yielded more reads than using one total multiplex reaction; the alleles called, however, 
did not differ between these methods. 
Direct observation of dispersal 
In September 2018, we witnessed the dispersal of a subadult male (Snape), the oldest 
offspring of Group 1, from its natal home range and the formation of a new pair. Group 1 was 
seen feeding every day during a 2-week period in an Inga edulis tree next to the station 
buildings. On all occasions, all group members were feeding simultaneously and without any 
aggression. On September 8, the adult female was aggressively chasing the young adult male 
while both were leaving the feeding tree. The next day, the group was not seen feeding, and 
on September 10, the young adult male was feeding alone. On the early morning of September 
11, the group was heard calling south-east from the station, and a single individual, 
presumably the young adult male, was heard from the south-west. On 12 September, the 
young adult male was encountered in the company of an unknown female south-west of the 
station. They established in an unoccupied area between the home ranges of Group 1 and 
Group 6 (Fig. 1 in the main text). Subsequently, this newly formed pair (Group 11) was having 
intergroup encounters with Group 1 almost every morning; calling and counter-calling were 
accompanied occasionally by some chasings between the newly formed pair and the adult 
male from Group 1. Calling and counter-calling ceased by around December 1, 2018. As of 




Table S4. Information on the 27 microsatellite loci designed in this study: locus name, forward and reverse primer sequences, location in the Callithrix jacchus genome, 
repeat motif, size range and BAC clone accession number. 







PMOL_chr01b TGCCAAGGGCTTTCTGA AAACAYCTCTTTTGTAGAAG chr01:195360092-195360177; 1q TG 75-105 AC187426.3 
PMOL_chr02a AGGCTGTGTTTGTGGTG TTCTTGCACCTTTCTCAAT chr02:47304050-47304166; 2p TG 117-123 AC188274.1 
PMOL_chr02b GGTCAAACCAGGGCAAA TTATTTGCAATTTATAGCCTA chr02:72990959-72991145; 2q GC, AC 139-187 AC186467.2 
PMOL_chr03e GTAAGATGGGAGATTAGC ATTACAGCCCTATGGTAG chr03:167338029-167338166; 3q TG 112-138 AC188271.1 
PMOL_chr04a AAGAAAAGTGAGATCCCC TGTTGAGGTTGCCCAGA chr04:42663591-42663697; 4q TG 97-131 AC187951.2 
PMOL_chr05c GCCCCACACCTGCTTT GACCACCTGCCACATG chr05:9622769-9622890; 5p TG 102-145 AC200393.3 
PMOL_chr05g TTTTGAATCCTTTCCAGTG ATTCCTGAGCTCAGGTTT chr05:1808047-1808162; 5p CA 112-122 AC187427.2 
PMOL_chr06a ATGGAACAGCCAATGAGA TYTTAAGTAGAGGAGTGAC chr06:91748983-91749061; 6q CT 78-104 AC209150.1 
PMOL_chr06b AGCTGTGAACATTTTGTAC AATTACAGCATATTCATGCT chr06:12239728-12239857; 6p CA, CT 120-142 AC157438.1 
PMOL_chr07a TGCCTGAGAACTGCACA GACATGCTTTCCCTCAAT chr07:60957721-60957833; 7q TG, CG 106-134 AC188276.1 
PMOL_chr08a GTAGAGCTAAGAGGCTC TCATTTAAGAATAGGCAATG chr08:84171068-84171190; 8q TG, GC 87-123 AC203507.2 
PMOL_chr08f GGTAGTTGTTGGCACTG ACATGATATATAAGGGGAG chr08:119173148-119173258; 8q AC, GT, GA 91-123 AC174857.2 
PMOL_chr09a GTTCTGCCTTAAGGTTTC CATAAARATCCACTTTAAAAC chr09:10544128-10544250; 9p TG 111-125 AC244997.1 
PMOL_chr10a GTGCAGGGACAAATCTG TGGCCTTGTAAATAAAATGT chr10:125088776-125088873; 10q CA 90-110 AC188357.2 
PMOL_chr10b AGAAGCCATGTCAATTAAG ATTGTCAAAATATGGCTCC chr10:20581481-20581580; 10q TG 86-114 AC186463.2 
PMOL_chr11e CCTGGGCTTACAGAACC TACCTATCTAGCTCATTTC chr11:14130663-14130767; 11p CA 105-122 AC186115.2 
PMOL_chr11f TATGCAATATATTTCAAATATC GATGCTGATGCATTTGTG chr11:68860458-68860555; 11q CA 92-112 AC172721.2 
PMOL_chr12a AGTGACTGTTTAACCACC TCCATTTTACAACTGCTGA chr12:24867917-24868037; 12p TG 107-147 AC193735.2 
PMOL_chr12b CAAATATAGACTCATTAAATG CTACAGGTATGTTCCTTG chr12:70126419-70126506; 12q AC 88-110 AC190366.1 
PMOL_chr13a GCTCAGACAGGATGATG AGAGCTTTGGACTCAGG chr13:101919673-101919801; 13q CA 95-129 AC187952.2 
PMOL_chr13b GCAAGAGTGGTCTGGC CAAGAATTATCTATGCAGG chr13:6811774-6811922; 13p CA 131-161 AC151890.2 
PMOL_chr14b TTAGGCATTGATATAAGGC CAGAAAAATTTCATTGCCC chr14:10607938-10608090; 14 CA, TA, GA 143-189 AC207510.1 
PMOL_chr16a AGCACATGACTGGCCTT AAGATAACAAATAGAATTGGA chr16:76914251-76914383; 16 CA 117-133 AC190368.2 
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PMOL_chr16b CTGCAGACTAGCCTCAT GGATTTACAAAGGAAATAGA chr16_GL285730_r:61519-61625; 16 TG, AG 107-133 AC186936.2 
PMOL_chr18a AGCTGGTTTGGGAGATAA TGCTCAGATYCTCAGTCT chr18:5739039-5739139; 18 AC 70-101 AC189181.2 
PMOL_chr21a GAATTTCTTCAGTTCAACTA CRGTGTTAAGATTGAAAATG chr21:37574331-37574478; 21q GA, TG 130-148 AC174416.2 
PMOL_chrXa ATGTGTTGTGGACCTAAG TCCAAGAAGTAATCGTGTA chrX:125242408-125242500; Xq AC 93-117 AC237129.1 
 
Table S5. Information on the 18 microsatellite loci used in the study population of Plecturocebus cupreus: locus name, repeat motif, size range, number of alleles, observed 
(HO) and expected (HE) heterozygosity estimated in PopGenReport, p-value of the Hardi-Weinberg equilibrium test (HWE) (with Bonferroni adjustment p < (0.05/ 17) = 
0.00294 for autosomal loci and p < (0.05/ 18) = 0.00278 for chrXa; significant deviations marked in bold) as calculated in PopGenReport, null allele frequencies estimated 
using Brookfield1 method in MicroChecker and number of individuals typed for each locus. 
Locus FullName Repeat 
motif 
Size range, bp Number of 
alleles 
HO HE HWE-P Null F N ind typed 
1 chr01b TG 89–123 12 0.609 0.905 0.000 0.072 28 
4 chr03e AC 106–138 12 0.826 0.889 0.020 -0.013 39 
6 chr05c AC 103–125 9 0.739 0.742 0.730 -0.022 40 
7 chr05g TG 102–116 8 0.913 0.828 0.747 -0.056 41 
8 chr06a GA 90–119 12 0.870 0.857 0.525 -0.046 41 
10 chr07a CA 106–122 8 0.913 0.805 0.119 -0.048 39 
11 chr08a AC 86–93 6 0.826 0.757 0.162 -0.072 40 
12 chr08f AC 109–143 11 0.913 0.874 0.039 0.039 36 
13 chr09a CA 107–129 8 0.870 0.782 0.173 -0.050 41 
14 chr10a GT 94–114 9 0.783 0.840 0.742 0.059 41 
16 chr11e GT 90–124 9 0.696 0.775 0.514 0.060 41 
19 chr12b TG 74–90 3 0.565 0.466 0.835 -0.002 38 
20 chr13a GT 101–106 4 0.348 0.502 0.099 -0.001 41 
22 chr14b TG 147–173 14 0.826 0.897 0.078 0.001 39 
23 chr16a GT 113–119 4 0.174 0.309 0.011 0.027 39 
25 chr18a GT 78–124 16 0.826 0.912 0.034 -0.007 38 
26 chr21a GA 157–161 5 0.696 0.716 0.000 -0.117 34 
27 chrXa TG 105–127 10 0.872 1.000 0.816* -0.068 19 
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Supplementary information to Chapter 4 
Table S1. Group compositions indicated for the respective study periods, total and focal observation hours collected, and dates of birth of infants for 7 studied groups. AM – 
adult male, AF – adult female, Sub – subadult (M: male; F: female), Juv – juvenile, Inf – infant. Sex could not be determined for juveniles and infants due to small genital size. 
Group Study period Total sampling 
time, h 
Focal sampling time, h AM AF Sub Juv Inf Infant date of birth* 
1 Jun – Dec 2017 482.4 139.4 1 1 1 (M) 1 0 – 
Sep – Dec 2018 1 1 1 (M) 1 1 05.06.2018 
2 Sep – Oct 2017 479.9 55.3 1 1 0 0 0 – 
Jul 2018, Oct – Dec 
2018 
1 1 0 0 1 26.10.2018 
3 Oct – Dec 2017 393.6 20.8 1 1 0 1 1 09.2018 
Jun 2018 1 1 1 (M) 1 0 – 
4 Jun – Jul 2018, Sep – 
Oct 2018 
387.2 86.0 1 1 0 1 0 – 
5 Aug – Oct 2018 294.8 38.3 1 1 0 1 0 – 
6 Aug – Oct 2017 520.3 38.4 1 1 1 (M)–2 (M ,F) 1 1 05.10.2017 
Jul 2018 1 1 2 (M, F) 1 0 – 
7 Aug 2018, Nov 2018 192.6 12.7 1 1 0 0 1 01.11.2018 
 
* We estimated an infant’s date of birth as the midpoint between the dates when a group was last seen without and first seen with an infant. The difference between these 
dates varied between 0 and 26 days. For Group 3, the date of birth could only be estimated within a month based on body size as the group already had an infant when we 
started to follow it. However, at the end of the study period the infant still did not begin to travel independently, indicating that it was younger than 4 months (Fragaszy et 
al. 1982; Wright 1984).
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Table S2. Results of the models on (1) rates of proximity and affiliation; (2) grooming reciprocity between 
pair mates. Indicated are estimates, standard errors, confidence intervals, results of likelihood ratio tests, 
and the range of estimates obtained when dropping levels of random effects one at a time. 




χ2  df P-
value 
min max 
Model 1: rates of proximity and affiliation 
The model was fairly stable; maximum Variance Inflation Factor: 1.517; dispersion parameter = 0.996 
Intercept  -0.378 0.123 -0.618 -0.138 – –  -0.484 -0.230 
Infant 
presence (1) 
-1.019 0.234 -1.495 -0.543 16.524 1 0.000 -1.102 -0.801 
Group size 
(2) 
-0.325 0.201 -0.720 0.069 3.759 1 0.053 -0.410 -0.142 
Rainfall (3) 0.074 0.138 -0.197 0.345 0.266 1 0.610 0.075 0.252 
Model 2: grooming reciprocity 
The model was stable; maximum Variance Inflation Factor: 1.783; dispersion parameter = 0.789 
Intercept  0.128   0.132 -0.130 0.387 – – – 0.054 0.193 
Infant 
presence (1) 
1.348 0.352 0.657 2.039 15.403 1 0.000 1.309 1.457 
Group size 
(2) 
-0.038 0.123 -0.278 0.203 0.094 1 0.759 -0.212 0.037 
Rainfall (3) -0.329 0.152 -0.627 -0.032 3.919 1 0.048 -0.406 -0.201 
(1) Dummy coded with absence of infant being the reference category 
(2) Z-transformed; mean  sd of the original value: 3.216  0.877 
(3) Z-transformed; mean  sd of the original value: 91.754  79.121 
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Table S3. Time and participation in the observed intergroup encounters. Individual participation could only be determined for the groups followed by the observers. 
AM – adult male, AF – adult female, SM – subadult male, SF – subadult female, Juv – juvenile. Shaded rows indicate the encounters initiated by males. 
Date Time Group 
followed/encounter 
with group (3) 
Participants 











09.09.17 8:26-9:00 6/2 AM + SM AM yes yes no no AF and Juv did not participate 
13.09.17 06:02-
6:17 
2/2 AM + AF AM yes yes yes no AM was the first to start and the 
last to stop calling 
13.09.17 10:22-
10:36 
2/6 AM + AF – (1) yes yes yes no  
16.09.17 11:10-
11:22 
2/6 AM + AF – yes yes yes no  
21.06.18 08:46-
8:50 
6/3 AM + AF + SM + 
SF 
AM yes yes yes no AF and SF joined for calling only in 
the end of the encounter but did not 
participate in chasing 
17.07.18 10:22-
10:46 
6/2 AM + AF + SM + 
SF + Juv 
AM yes yes yes yes AM was the first to start and the 
last to stop calling 
19.07.18 8:50-8:53 2/3 AM + AF – yes yes yes no  
25.07.18 7:48-7:50 3/2 AM + AF + SM – yes yes yes no  
16.08.18 6:05-6:11 7/unhabituated group AM + AF – yes N/A (4) yes N/A  
17.08.18 7:00-7:02 7/unhabituated group AM + AF – yes N/A yes N/A  
18.09.18 5:38-5:55 1/11 AM + AF + Juv – yes N/A yes N/A  
18.09.18 6:31-6:46 1/11 AM + AF – yes N/A yes N/A  
18.09.18 7:31-7:58 1/11 AM + AF + Juv – yes N/A yes N/A Juv called only for the last 10 min of 
the encounter 
19.09.18 6:33-7:15 1/11 AM + AF AM yes yes yes no  
12.10.18 10:31-
11:15 
1/11 AM + AF AM yes yes yes no AM called and chased SM from Group 
11; AF from Group 1 and AF from 
Group 11 only called but did not 
chased 
13.10.18 8:52-9:10 1/11 AM + AF – yes yes yes yes  
15.10.18 6:43-7:41 1/11 AM + AF + Juv – yes yes yes no  
 
 129 
15.10.18 8:59-9:07 1/11 AM + AF – yes yes yes no  
30.11.18 6:35-6:38 1/11 AM AM yes yes no no AM called and chased SM from Group 
11; neither AF from Group 1 nor AF 
from Group 11 called or chased 
07.12.18 9:56-10:16 2/3 AM + AF AM yes yes yes no AM was the first to start and the last 
to stop calling; AF only called and did 
not chase 
11.12.18 6:17-6:22 2/3 AM + AF AM yes yes yes no AM was the first to start and the last 
to stop calling 
(1) – indicates an encounter that did not have any clear initiator 
(2) On 11 September 2018, the subadult male dispersed from Group 1 and by 18 September established a new territory with an unknown (to the observers) female 
next to the home range of his natal group. Since then and until 7 December 2018, when we stopped following Group 1, we observed 6 intergroup encounters between 
Group 1 and the newly established pair (indicated here as Group 11) 
(3) We never observed Groups 4 and 5 engaging in intergroup encounters. Most likely, it is due to the absence of territory overlap with neighbouring groups; this notion 
is indirectly supported by the fact that we never observed any intergroup encounters in Group 1 until September 2018 (see (2)) 





Supplementary information to Chapter 5 
Table A1. Mean daily proportions of time allocated to different activities and to arthropods in the diet for 
adult females and males of all study groups. “–“ indicates no data available for the respective period. 
Activity Group Females Males 
Without infant With infant Without infant With infant 
Feeding 1 0.172 0.267 0.168 0.049 
2 0.155 0.246 0.095 0.063 
3 0.365 0.424 0.513 0.355 
4 0.229 – 0.185 – 
5 0.203 – 0.111 – 
6 0.172 0.767 0.297 0.076 
7 0.104 0.615 0.070 0.236 
Resting 1 0.459 0.600 0.492 0.855 
2 0.357 0.542 0.447 0.822 
3 0.378 0.360 0.378 0.457 
4 0.478 – 0.528 – 
5 0.648 – 0.757 – 
6 0.548 0.178 0.505 0.443 
7 0.752 0.177 0.317 0.710 
Social 1 0.232 0.004 0.266 0.024 
2 0.363 0.062 0.341 0.052 
3 0.139 0.067 0.038 0.060 
4 0.206 – 0.211 – 
5 0.049 – 0.068 – 
6 0.098 0.000 0.119 0.425 
7 0.000 0.136 0.595 0.018 
Moving 1 0.137 0.128 0.114 0.073 
2 0.126 0.151 0.117 0.063 
3 0.136 0.132 0.071 0.129 
4 0.086 – 0.077 – 
5 0.099 – 0.063 – 
6 0.182 0.056 0.169 0.056 
7 0.143 0.071 0.018 0.036 
Feeding on 
arthropods 
1 0.160 0.341 0.325 0.328 
2 0.276 0.701 0.296 0.353 
3 0.152 0.331 0.048 0.005 
4 0.535 – 0.427 – 
5 0.515 – 0.522 – 
6 0.351 1.000 0.086 0.153 




Table A2. Results of the models of the daily proportion of feeding time in females for (1) infant dependency 
period (19 weeks after birth); (2) period of high intensity lactation (28 weeks after birth). Indicated are 
estimates and standard errors, confidence intervals, results of likelihood ratio tests, and the range of 
estimates obtained when dropping levels of random effects one at a time. 




χ2 df P-value min max 
Model 1: feeding time in females during infant dependency period 
dispersion parameter = 0.92; 234 daily proportion values from 7 females 
Intercept -0.457 0.100 -0.654 -0.261 – – – -0.553 -0.375 
Infant presence (1) 0.537 0.212 0.122 0.952 6.610 1 0.010 0.337 0.768 
Group size (2) -0.176 0.192 -0.552 0.201 1.094 1 0.296 -0.272 -0.104 
Rainfall (3) -0.053 0.098 -0.245 0.138 0.267 1 0.606 -0.186 0.009 
Model 2: feeding time in females during period of high intensity lactation 
dispersion parameter = 0.93; 234 daily proportion values from 7 females 
Intercept 0.464 0.101 -0.661 -0.267 – – – -0.562 -0.364 
Infant presence (1) 0.372 0.196 -0.012 0.755 3.729 1 0.053 0.171 0.586 
Group size (2) -0.236 0.230 -0.688 0.216 1.240 1 0.265 -0.382 -0.092 
Rainfall (3) -0.097 0.090 -0.274 0.080 0.970 1 0.324 -0.231 -0.038 
(1) Dummy coded with absence of infant being the reference category 
(2) Z-transformed to a mean of 0 and a standard deviation of 1; mean and sd of the original value were 
3.216 and 0.877, respectively 
(3) Z-transformed to a mean of 0 and a standard deviation of 1; mean and sd of the original value were 




















Table A3. Results of the models of the daily proportion of feeding time in lactating females as a function of 
daily proportion of (1) resting time; (2) social time; (3) moving time. Indicated are estimates and standard 
errors, confidence intervals, results of likelihood ratio tests, and the range of estimates obtained when 
dropping levels of random effects one at a time. 




χ2 df P-value min max 
Model 1: feeding time as a function of resting time 
dispersion parameter = 1.05; 57 daily proportion values from 5 females 
Intercept -0.206 0.110 -0.421 0.009 – – – -0.293 -0.110 
Feeding time (1) -0.856 0.113 -1.077 -0.064 42.328 1 0.000 -0.936 -0.664 
Model 2: feeding time as a function of social time  
dispersion parameter = 1.22; 57 daily proportion values from 5 females 
Intercept -1.265 0.128 -1.517 -1.013 – – – -1.362 -1.187 
Feeding time (1) -0.347 0.127 -0.596 -0.098 7.480 1 0.006 -0.416 -0.325 
Model 3: feeding time as a function of moving time 
dispersion parameter = 1.12; 57 daily proportion values from 5 females 
Intercept -0.640 0.077 -0.791 -0.489 – – – -0.696 -0.609 
Feeding time (1) -0.188 0.077 -0.338 -0.037 5.799 1 0.016 -0.326 -0.146 
(1) Z-transformed to a mean of 0 and a standard deviation of 1; mean and sd of the original value were 












Sofya Dolotovskaya, Göttingen, 07.09.20  
